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Introduction






1. Introduction, motivation, and
outline

This thesis presents Numerical Renormalization Group (NRG) calculations of ther-
modynamic (static) observables for isotropic and anisotropic single-channel single-
impurity Kondo models with impurity spin S > 1/2 in zero and non-zero magnetic
field. It pursues the following goals:

1. To give a comprehensive and easily understandable introduction to basic
quantum impurity physics, using the Kondo model and some of its general-
izations as an example.

2. To provide a pedagogic description of the NRG method as employed for the
investigation of the thermodynamics of the single-channel Kondo model with
arbitrary ratio g./gs of electron and impurity g-factors. This explanation is
intended to be so detailed that it can be directly used for the development
of a NRG code from scratch.

3. To clarify, for the Kondo model, the difference between defining the magne-
tization as an impurity contribution or as a local observable, and to study
the effect of a non-zero electron g-factor on the properties of the model.

4. To investigate the magnetic properties of the Kondo model with additional
uniaxial anisotropy of the impurity spin .S > 1 by calculating magnetization
curves.

The Kondo model with additional uniaxial anisotropy is relevant to the de-
scription of magnetic atoms and molecules that are deposited on a non-magnetic
metallic substrate. Bistable magnetic molecules such as single molecule magnets
(SMMs) have special properties which, in principle, make it possible to encode
and store information in their magnetic state. This has given rise to the idea
that at some point in the future a single magnetic molecule could be used to rep-
resent one bit of information. Should this become possible on a technologically
relevant scale, it could significantly push the limits of attainable storage densities.
However, in order to employ a single molecule for information storage purposes,
one needs to be able to address individual molecules in the first place. A con-
trolled deposition on a suitable substrate already allows to probe single atoms and
molecules by means of scanning tunneling microscopy (STM) and spectroscopy
(STS) techniques. “Anchoring” molecules to a surface should, however, be ex-
pected to modify their properties because of the interaction with the constituents
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of the substrate (e.g., the conduction electrons of a metallic surface). As a first
step, it therefore seems worthwhile to theoretically study the magnetic features
of minimal models for the description of the so-called surface Kondo effect, which
deposited magnetic atoms and molecules can display. We have decided to focus on
the calculation and interpretation of magnetization curves. The field-dependent
magnetic moment of deposited atoms and molecules can be measured using, e.g.,
X-ray magnetic circular dichroism (XMCD) and spin-polarized scanning tunneling
spectroscopy (SP-STS). For a more detailed motivation that also provides suitable
references, please refer to the introduction of the manuscript included in chapter 8.

The remainder of this thesis is organized as follows. Chapter 2 begins with
an overview of the history of the Kondo effect, as it occurs in dilute magnetic
alloys. The chapter continues with a discussion of the single-channel single-
impurity Kondo Hamiltonian, its symmetry properties, and its relation to the
single-impurity Anderson model. Furthermore, minimal models are introduced in
order to describe isolated magnetic molecules (in particular, SMMs) and deposited
magnetic atoms and molecules showing the surface Kondo effect, respectively. Af-
ter a brief overview of the different steps that a NRG calculation is comprised of
in chapter 3, the Numerical Renormalization Group method for the investigation
of the thermodynamics of the single-channel Kondo model is explained in detail
in chapter 4. Note that this chapter is very long and quite technical. In chapters
5 and 6, NRG calculations of the thermodynamic properties of the single-channel
Kondo model with impurity spin S > 1/2 in zero and non-zero magnetic field,
respectively, are presented and used to illustrate basic concepts of quantum im-
purity physics. Chapter 7 is concerned with a discussion of the Bethe ansatz
solution for the zero-temperature impurity contribution to the magnetization of
the isotropic Kondo model with arbitrary impurity spin. As the main result of
this thesis, chapter 8 contains a NRG investigation of the single-channel single-
impurity Kondo model with and without uniaxial anisotropy in non-zero magnetic
field. This part focusses on the calculation and interpretation of magnetization
curves. In particular, the different definitions of the magnetization are compared
and the effect of the g-factor ratio of electrons and impurity on the magnetic prop-
erties of the model is illustrated. After summarizing the contents and results of
this thesis, the initialization of the iterative diagonalization of the so-called Wilson
chain, which has to be carried out as part of a NRG calculation, is considered in
the appendix.



2. The single-channel single-impurity
Kondo model

In order to provide some historical background on the concept of a so-called “quan-
tum impurity model”, we begin this chapter in Sec. 2.1 with a brief discussion of
the physical phenomenon that has become known as “the Kondo effect”. Starting
from a real-space representation, the Hamiltonian of the single-channel single-
impurity Kondo model is then introduced in Sec. 2.2. In particular, we address
the relation between the Kondo model and the more fundamental single-impurity
Anderson model. In a certain parameter regime, the Anderson model approxi-
mately maps to a spin-1/2 Kondo model. This mapping constitutes one possible
“derivation” of the Kondo Hamiltonian. The particular form of the Kondo model
that we intend to use for the description of deposited magnetic molecules is the
topic of Sec. 2.3. Symmetry properties of a model are immensely helpful when
trying to calculate its properties. They can already be discussed on the level of
the Hamiltonian, and we do so for the Kondo model in Sec. 2.4.

2.1. The Kondo effect

For the moment, let us consider a non-magnetic metal with a low concentration
of other atoms carrying a magnetic moment due to a spin degree of freedom (we
consider the case of magnetic atoms or molecules deposited on a non-magnetic
metallic substrate in Sec. 2.3). The presence of local magnetic moments can
modify the physical properties of the host metal at low temperatures. Historically,
effects due to dissolved magnetic atoms were first observed in samples that had
previously been thought to be “pure”. For this reason, the local moments are
referred to as impurities from now on. If the concentration of impurity atoms is
sufficiently low, it might be possible to neglect impurity-impurity interactions. As
an approximation, the observed phenomena can then be considered as the result
of additive contributions from the individual magnetic atoms (i.e., they can be
effectively described using a single-impurity picture). On the other hand, the
interaction with the conduction electrons of the metal is also expected to affect
the physical properties of the localized moments.

The low-temperature behavior of the electrical resistivity of certain metals con-
taining dilute amounts of magnetic atoms constitutes one of the most famous
examples of an impurity-related effect. As first observed for a gold sample by de
Haas, de Boer, and van den Berg in 1934 (cf. p. xvi of the book [Hew93]), the
resistivity of a metal can display a minimum as a function of the temperature.
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This was a surprising and at that time completely obscure result ([Hew93], p.
xvi). Typically, at finite temperature, the resistivity of a metal is mainly deter-
mined by the presence of phonons. Since the scattering of electrons with phonons
decreases upon reducing the temperature, the resistivity is usually expected to
decline monotonically until, at very low temperature, (non-magnetic) impurities
and defects become dominant and lead to a non-zero limiting value as T — 0
(cf. p. 29 of Ref. [Hew93]). The minimum was later suspected to be an effect
related to magnetic impurities, after linking resistivity and magnetic susceptibility
measurements (see the introduction of Ref. [Kon64]). Furthermore, the position
of the minimum was found to depend on the concentration of impurities ([Hew93],
p. 39 f.).

It turned out that the resistance minimum can be explained in the framework
of the s-d exchange model, which had originally been proposed by Zener to de-
scribe the interaction between conduction electrons and electrons from d-shells
[Zen51]. This model comprises a localized spin S that couples to non-interacting
delocalized electrons via an exchange interaction J (cf. p. 16 of Ref. [Hew93]).
In 1964 Kondo studied the resistance minimum using a multi-impurity extension
of the s-d exchange model [Kon64]. He argued, however, that due to the low con-
centrations in the actual samples the impurities can be treated as uncorrelated
(making the minimum essentially a single-impurity effect). With this assumption,
Kondo calculated the resistivity in third-order perturbation theory and found that
a temperature-dependent correction appears in third order in J, which for antifer-
romagnetic coupling increases as | In(kgT/W)| (where W is the bandwidth of the
conduction electrons) upon lowering the temperature (cf. p. 44 of Ref. [Hew93]).
Combined with the phonon contribution, this result is sufficient to explain the oc-
currence of a resistance minimum [Kon64]. Kondo demonstrated that experimental
resistivity curves can be well described using the logarithmic correction and, by
treating J as a fit parameter, obtained antiferromagnetic couplings of the order of
0.2 eV. Because of Kondo’s convincing explanation, the resistance minimum and,
more generally, the physics behind it have become known as the Kondo effect.
Nowadays, the s-d exchange model is usually referred to as the Kondo model, too.

Although very successful, Kondo’s perturbational result breaks down at low
temperature. In particular, it predicts a divergence of the resistivity for T — 0
in case of antiferromagnetic exchange coupling because of the logarithmic temper-
ature dependence. Moreover, perturbation theory in J for the antiferromagnetic
Kondo model with a summation of the logarithmically divergent terms in leading
order produces singularities in various observables at some finite temperature (see
p. xvii and p. 49 of Ref. [Hew93]). This breakdown of the perturbative expansions
can be used to qualitatively define a characteristic temperature scale Tk which
is called the Kondo temperature ([Hew93], p. 49). With p(er) as the density of
states of the conduction electrons at the Fermi energy, a functional dependence of
the form kpTx /W = exp(—1/p(er)J) is found. For temperatures smaller than
Tk, the system is said to be in the strong coupling regime in which it is no longer
possible to treat the exchange coupling J as a small perturbation. This conclusion
follows, e.g., from the scaling picture for the Kondo model which originated from
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Renormalization Group ideas and culminated in Anderson’s “poor man’s scaling”
[And70]. In this scaling approach, the Kondo model is approximately mapped
to the same model with a renormalized (“running”) exchange coupling valid on a
reduced energy scale by perturbatively eliminating electron states near the upper
and lower band edge (cf. p. 58 ff. of Ref. [Hew93]). In case of an antiferro-
magnetic interaction, the effective coupling parameter grows when reducing the
energy scale and eventually cannot be considered as small anymore. The scaling
picture furthermore shows that kT is the only energy scale that characterizes
the low-temperature (strong-coupling) physics of the Kondo model ([Hew93], p.
61 f.). For magnetic impurities in non-magnetic metals, the experimentally deter-
mined Kondo temperatures span several orders of magnitude and can reach from
the sub-Kelvin regime to (and beyond) room temperature (see p. 1564 of Ref.
[GZ74], p. 982 of Ref. [Grii74], and p. 457 f. of Ref. [TW83]).

The investigation of the Kondo model for temperatures T' < Tk posed a great
theoretical challenge and became known as the “Kondo problem” ([Hew93], p.
xvii). In order to study the strong-coupling regime, a non-perturbative treatment
of the exchange interaction between impurity spin and conduction electrons is
necessary. Making use of Renormalization Group ideas, Wilson managed to devise
an approximate numerical method called the Numerical Renormalization Group,
which was presented in 1975 [Wil75] and allowed for the first time to calculate
observables of the spin-1/2 Kondo model (such as the magnetic susceptibility, cf.
p. 836 of Ref. [Wil75], Ref. [KmWW?75], and p. 1025 of Ref. [KmWW80a]) over
the whole temperature range. In particular, the method gives access to the low-
temperature regime 7' < Tk in which the Kondo model approaches a stable strong-
coupling fixed point [Wil75]. By connecting to Wilson’s numerical results, Noziéres
found a quasiparticle description of the spin-1/2 Kondo model in the vicinity of
the low-temperature fixed point based on Landau’s Fermi liquid theory [Noz74].
At the beginning of the 1980s, it even became possible to exactly diagonalize the
Kondo model with arbitrary impurity spin by applying the Bethe ansatz and to
derive numerically solvable equations that describe the thermodynamics at non-
zero temperature [TW83, AFL83].

All these results confirmed the following physical picture of the Kondo effect,
that had in part already been developed earlier. An antiferromagnetic exchange
coupling between the conduction electrons and an impurity with S = 1/2 leads
to Kondo screening of the impurity spin at zero temperature and zero magnetic
field. A singlet groundstate is then formed [Yos66, Mat67] in which the magnetic
moment of the impurity is quenched so that the impurity becomes non-magnetic.
In particular, the screening effect causes the impurity magnetic susceptibility at
zero field to approach a finite non-zero value for T' < Ty [Wil75]. This behavior of
the susceptibility is different from, e.g., that described by a Curie law for a free spin.
Note that, depending on the impurity spin S and the properties of the conduction
electrons, the impurity might only be partially screened so that a magnetic moment
remains at zero temperature [Mat67, CL79a]. Remarkably, it took about 40 years
to confirm the theoretical prediction of this so-called underscreened Kondo effect
experimentally (however, the effect was not observed for a dilute alloy, but for a
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“molecular quantum dot” [RFCT09] and a single magnetic molecule in a break
junction [PCCT10]).

As part of the screening effect, conduction electrons develop spin-spin correla-
tions with the impurity, which oscillate and decline in magnitude with increasing
distance to the impurity spin [Bor07, BGK09]. These correlations can be used to
define a “Kondo screening cloud” which is thought to form in the metal around
the impurity spin [Bor07]. Note, however, that the Kondo effect is a quantum
mechanical many-particle correlation phenomenon and that, e.g., the net magne-
tization of the conduction electrons in a non-zero magnetic field is not necessarily
significantly affected by the screening of the impurity spin [BHS70, Low84]. The-
oretical estimates assuming typical parameters (e.g., Tk ~ 1 K) indicate that at
low temperature the spatial extent of the Kondo cloud could reach an order of
magnitude of about 1 pum [Bor07]. A comparison of this estimate with typical
lattice constants of the order of several angstroms suggests that any theoretical
method that is supposed to accurately capture Kondo physics needs to be able
to effectively describe a very large (by today’s standards) system. In particular,
this rules out simple approaches such as a direct numerical diagonalization of the
Kondo model for some finite lattice size. This challenge can also be expressed in a
slightly different way: The relevant low-temperature scale Tk of the Kondo effect
might be orders of magnitude smaller than, say, the bandwidth of the conduction
electrons (which can, e.g., be of the order of several eV). For this reason, any the-
oretical method that is supposed to accurately describe the Kondo effect at low
temperature has to (effectively) treat a large system size in order to resolve the
relevant small energy differences (cf. p. 399 of Ref. [BCP08]).

Kondo screening leads to characteristic features in thermodynamic and dynamic
quantities (we study thermodynamic observables of the Kondo model in chapters 5
and 6). As regards the latter, the appearance of a narrow many-particle resonance
in the one-electron density of states at the Fermi level at low temperature 7' <
Tk is another important manifestation of the Kondo effect besides the resistivity
minimum. This peak is known as the Kondo resonance or the Abrikosov-Suhl
resonance ([Hew93|, p. 107). For example, it can be observed in the impurity
spectral density! of the Anderson model (see p. 127 ff. of Ref. [Hew93]), of which
the Kondo model is a certain limiting case as discussed in Sec. 2.2.1, or, in the form
of an antiresonance, in the spectral density at the zeroth site of the Wilson chain?
(see p. 89 for the Kondo model and p. 215 for the Anderson model, respectively, of
Ref. [Zit07]). The width of the Kondo peak at zero temperature is proportional to
Tk (see, e.g., Ref. [COO03] and references therein). Non-zero temperature broadens
the resonance and eventually suppresses it for 7' > Tk ([Hew93], p. 128 f.). Since
spectral densities are related to thermodynamic expectation values (compare, e.g.,

1 The impurity spectral density is the quantity Sd“,dL(E) according to the definition (4.83) with
the impurity state d, from Hamiltonian (2.19).

2 This is the quantity wafé,,,(E) with the state igu for the Kondo model defined in Eq. (4.20).
The operator IO“ for the Anderson model is obtained by suitably adapting the definition

(4.20) to the energy representation (2.21) of the Anderson Hamiltonian.
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the spectral theorem (4.90)), the Kondo resonance can also be seen as the “origin”
of the characteristic features observed in thermodynamic observables (cf. p. xx
and 109 of Ref. [Hew93]).

2.2. The Hamiltonian of the single-channel
single-impurity Kondo model

The Kondo model is one of the canonical examples of a so-called quantum impurity
model. Generally speaking, a quantum impurity model comprises two (usually
strongly) interacting subsystems. On the one hand, there is an extended fermionic
(or bosonic) system with a continuous or quasi-continuous energy spectrum, which
is also called “the bath”. On the other hand, we have a localized system with few
energy levels that, for historical reasons (cf. Sec. 2.1), is referred to as “the
impurity”. A typical question for such a model is how the physical properties of
either subsystem are influenced by the interaction with the other subsystem.

As a quantum mechanical model, the Kondo model is defined by specifying a
Hamilton operator and the corresponding Hilbert space. According to the time-
independent Schrédinger equation, a “solution” of the model then amounts to
solving the eigenvalue problem of the Hamilton operator. The Kondo model is
typically expressed using the formalism of second quantization, i.e., its Hamilto-
nian is written as a Fock space operator by introducing creation and destruction
operators. The fermionic Fock space is the direct sum of all antisymmetrized
product Hilbert spaces with a particle number allowed by the Pauli principle.

For didactic reasons, we first show a real-space representation of the Kondo
Hamiltonian which is then mapped to the reciprocal space by using a Fourier
transformation. Let us consider a tight-binding model (see, e.g., Ref. [EFGT05])
describing non-interacting electrons on a d-dimensional hypercubic lattice with L
sites per dimension (normally, we are interested in the case of an arbitrarily large
lattice with L > 1) and periodic boundary conditions in each dimension:

-delectrons = Z tijfé;‘rggja + ge;U/BBffotal . (21)
i#]
o

Whereas QIU creates an electron with magnetic quantum number o = +1/2 of
the z-component of the electron spin at lattice site i, d;j, destroys an equivalent
electron at site j. t;; is thus a “hopping parameter” that describes the transition
of an electron from site j to i. For the Hamiltonian to be Hermitian, we have to
require that ¢;; = ¢7;. In order to obtain properly normalized and antisymmetrized
states, the creation and destruction operators must fulfill standard fermionic anti-
commutation relations. Introducing the anticommutator {4, B} = AB + BA, we
thus have

{,@iua ,Cvl;ru} = 5ij6;uz , (2.2)
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with all remaining anticommutators being zero. By using Hamiltonian (2.1) it
is assumed that an external magnetic field B only couples to the spin moment
of the electrons, i.e., all effects related to orbital magnetism are neglected. The
interaction with the spin moment is modeled by a standard Zeeman term with
electron g-factor g., Bohr magneton pp, and the z-component of the total electron
spin $¢., Which, according to the rules of second quantization, can be written as:

1
Stotal = Z si = B Z (nir —1n4y) - (2.3)
i i

Here, n;,, = gf;raglw is the particle-number operator for lattice site i and spin
projection o.

The localized subsystem (the impurity) is taken as a single spin § with quantum
number S, and we assume that it exclusively interacts with the electronic spin
at one site of the lattice. Since we consider all sites to be equivalent due to
translational invariance, the choice of the lattice site to which the impurity spin
couples is arbitrary. Let us henceforth label it with the index “0”. Introducing
the vector of Pauli matrices o = (0%, 0¥, 0%), the electronic spin at lattice site 0
is written in second quantization as:

Oy
S0 = ZQ&T”QOV : (2.4)

v

In the simplest case, the coupling between impurity and electrons is described by
a local exchange interaction which takes the general anisotropic form:
I;[interaction = Z Jaé'agg = ngwﬁg + Jygygg + Jz»gzﬁg . (25)
o
Normally, the isotropic (J = J* = JY = J#) or the XXZ-anisotropic case (J, =
J* = JY, J = J?) with an antiferromagnetic exchange interaction (i.e., J > 0 or
J1,J) > 0) are considered.
By combining Hamiltonians (2.1) and (2.5) and adding a further field-dependent
impurity Hamiltonian Hnp(B), we obtain the real-space representation of a single-
impurity (and single-channel, see below) Kondo model in non-zero magnetic field:

Hiondo = Y tijdl,djo + gettnBsio + D J°S° 58 + Himp(B) .| (26)

i#j E
ag

The usual form of the Kondo Hamiltonian is obtained by performing a discrete
Fourier transformation to the reciprocal space with the (vectorial) shift quantum
number (or momentum) k (cf. Ref. [EFGT05]):

1 :
(- 27ik-R;/L T
Cho = =D _° djo (2.7)
J

10
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with the inverse transformation

o—2mi Ry k/L T (2.8)

1
at = — § )
~Jo Tjd - ~ko

Here, R; is the vector with the coordinates of lattice site j. Transformation (2.7)
preserves the normalization and symmetry properties of the states, i.e.,

{Eklﬂ Ejlv} = 5kq5;w ) (2.9)

and makes the electronic Hamiltonian (2.1) diagonal:

electrons = Z 6k:NkUCkU + geMBBStotal (2'10)

The dispersion relation & assigns an energy ¢ to a momentum k (as an example,
the dispersion relation for a one-dimensional lattice with nearest-neighbor hopping
is derived in Sec. 4.3). Introducing ng, = ELU Cko and replacing the sum over the
lattice sites ¢ with a sum over the modes k, the expression for the z-component of
the total electron spin is analogous to Eq. (2.3),

Stotal = Z,Jc =5 Z Nt — k) (2.11)
k

so that by defining

h = geupB, (2.12)
ke = er+oh, (2.13)

the Zeeman term can be formally absorbed into a spin-dependent dispersion rela-
tion. Without loss of generality, we can assume that Ry is the null vector so that
so from Eq. (2.4) transforms to:

(o
80 = Lngku 5 Cav (2.14)

In summary, the Fourier transformation (2.7) leads to the following k-space
representation of the Kondo Hamiltonian (2.6):

Hxondo = ZEkng(,Ckg ZJD‘SO‘ + Himp(B) . (2.15)
k,o

Since the (single) impurity spin couples only to one “flavor” of electrons via the
spin 8o, i.e., to one electron channel, Hamiltonian (2.15) is classified as a single-
channel single-impurity Kondo model. In his explanation of the resistance min-
imum [Kon64], Kondo considered the case of zero magnetic field and studied a
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multi-impurity generalization of the model (2.15) with uniform isotropic exchange
interactions J between impurity spins and conduction electrons. Assuming a suf-
ficiently low concentration of impurity atoms, correlation effects between the lo-
calized spins were neglected and, in particular, Hiyp = 0 was used.

For practical reasons, it might be necessary to study the thermodynamics of
the Kondo model using the grand-canonical ensemble. This applies, in particular,
to a Numerical Renormalization Group calculation in which the “effective system
size” changes so that a constant filling of the electron band requires a variable
particle number. In the grand-canonical density operator, Hamiltonian (2.15) is
complemented by the term —pichem N, where pichem is the chemical potential and

N =3 ,Nic = D ., Nko is the total electron number operator. In an actual

calculation, it is convenient to absorb the term —Hehem N into the Hamiltonian
and define

Hce = H — frehemN (2.16)
so that

HEZY =" (eko — Hehem) Cp Cho + D TS 56 + Himp(B) - (2.17)

~
k,o

The chemical potential is typically used to determine the filling of the non-
interacting electron band at zero temperature and zero magnetic field. To this
end, for a system with a (quasi-)continuous energy spectrum, fichem is set equal to
the Fermi energy er according to Fermi-Dirac statistics for the ideal Fermi gas:

218

There are no quantum fluctuations of N at zero temperature (since N is a con-
served quantity of the model, see Sec. 2.4.1), but there are of course thermal
fluctuations for non-zero temperature. These can, e.g., be quantified by consider-
ing the mean square deviation ( (N — <Jy>)2> = (N?) — (N)? of the total electron
number which, however, depends on the details of the electronic system. In case
of particle-hole symmetry (i.e., energies occur only in symmetric pairs relative to
chem)s the non-interacting electron band is on average half-filled for all tempera-
tures and magnetic fields.

A solution of the “Kondo problem” (i.e., a study of the properties of the Kondo
model for all temperatures) requires a non-perturbative treatment of the exchange
interaction in Hamiltonian (2.17) (cf. Sec. 2.1). This makes analytical approaches
to the Kondo problem difficult. Nevertheless, certain variants of the Kondo model
can be exactly diagonalized based on an idea known as “the Bethe ansatz” [TW83,
AFL83]. Furthermore, in the framework of these exact solutions numerically solv-
able equations describing the thermodynamics at non-zero temperature can be
derived (we consider results obtained using the Bethe ansatz in chapters 5, 7,
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and 8). Among the numerical methods that can be applied to the Kondo model
are the Numerical Renormalization Group [Wil75, KmWW80a, Cos99, BCP0§]
(which is used in this thesis and described at length in chapter 4) and Quantum
Monte Carlo [HF86, FH89, Fye94, GWPT08, GML*11].

2.2.1. Relation between the Kondo model and the Anderson
model

The Kondo model with S = 1/2 is related to a more fundamental quantum im-
purity model that has been introduced by Anderson for the description of local
magnetic moments in metals [And61] and is known as the single-impurity Ander-
son model (STAM) [BCPO08]. In zero magnetic field, its Hamiltonian can be written
as [Hew93, Cos99, BCPOS]:

Hgsiam =

1 X
Z E’“QITWE’W + NGT Z (Vk QLE’W + Vi EL;L,@M) + Z €dNd,yu +Unasna, -
k,u k,n M

= Himp

(2.19)
This model describes a single impurity orbital d,, with on-site energy €4 and on-
site Coulomb repulsion U > 0 that “hybridizes” with the conduction electrons via
a “hopping term” with parameters V. In contrast to the Kondo model, the STAM
thus also takes charge fluctuations between impurity and conduction band into
account. The occupation-number operators for the impurity orbital are ng, =
cNiLg#, with the total electron-number operator given by N = Zk# Ny + Na g +
ng,- Let us assume in the following that e = 0. It turns out that all the
information about the properties of the conduction electrons can be embedded in
a quantity called hybridization function,® which we define as (note that a factor

3By introducing states of distinct energy au(e), similar to Eq. (4.9), for ep =0 and B =0,

e—e(k))au(k), (2:20)

1
au(e) = 7/011@\/(1@)5(
V/ (2m)?A(e)
which involve the hybridization function A(e) from Eq. (2.22) instead of the density of states
p(e) defined in Eq. (4.6), a continuous energy representation analogous to the one for the
Kondo model given by Eq. (4.12) can be obtained for the SIAM Hamiltonian:
Hsiam —

w w
> / deeal(©)au(e) +» / de\/A() (dhian(e) + al(©)ds) + Himp -
L e w

(2.21)

The hybridization function thus encodes the information about the conduction electrons in
much the same way as the density of states does in case of the Kondo model.

13
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is missing compared to the conventional definition [Cos99, BCPO0S]):
1
Ale) =75 > IVkl?o(e —ex) - (2.22)
k

If we add the irrelevant constant —e4 to Hamiltonian (2.19), introduce ng = ng,1+
na4,., and define § = ¢4+ U/2, the impurity part can be alternatively expressed as

(see p. 93 of Ref. [Zit07] and Ref. [KmWW80a], and note that (Qd,#)2 =N p):

iy = Himp — 0= (ma— 1) + 5 (na—1)° (229
This form makes certain symmetry properties of the model more transparent. In
particular, § = 0 corresponds to the particle-hole symmetric point at which the
Hamiltonian is invariant under the particle-hole transformation a,(e) — QL(—E)
and d, — —QL (the states @, (e) are defined in Eq. (2.20)), provided that A(e) =
A(—¢) (cf. Ref. [KmWWS80a] and note that (ng — 1) = —(nq — 1)). We discuss
particle-hole symmetry for the Kondo model in Sec. 2.4.4.

If it is possible to add one electron to the impurity orbital because of ¢; <
€, but energetically unfavorable to add another due to the Coulomb repulsion
and €g + U > ep, then the impurity site is preferably singly occupied at low
energy ([Hew93], p. 19). In this case, the impurity carries a magnetic moment
and its two configurations (corresponding to a spin-down or a spin-up electron)
can be identified with the states of a spin-1/2 (on the other hand, the empty
and doubly occupied orbital can be shown to have S = 0). Provided that the
hybridization parameters |Vi| are sufficiently small, it is then possible, at low
energies, to approximately map the single-impurity Anderson model to an effective
Hamiltonian which takes the form of an antiferromagnetic Kondo model with
S =1/2 ([Hew93], p. 19).

The relation between the spin-1/2 Kondo model and the SIAM is similar to the
relation between the half-filled Hubbard model and the antiferromagnetic spin-1/2
Heisenberg model. If the Coulomb interaction U is large compared to the absolute
value of the hopping parameters ¢;;, the Hubbard model (proposed by Hubbard
[Hub63] and Gutzwiller [Gut63], cf. the book [EFGT05]),

Huubbard = Z tijgjugju + UZ i) (2.24)
1] i
I

at half-filling (i.e., the number of electrons is equal to the number of lattice sites)
and low energies approximately maps to a spin-1/2 Heisenberg model. In lowest-
order perturbation theory, one obtains the following low-energy effective Hamilto-
nian (see p. 42 of Ref. [EFGT05]):

off Alti;|? 1
H¥upbara = Z T Si-S;— 1) (2.25)

1<j
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with isotropic antiferromagnetic exchange interactions J;; = 4|t;;|?/U > 0 and
S; = 1/2 for all i. This result had already been obtained by Anderson in the
context of the “superexchange interaction” [And59], prior to the introduction of
the Hubbard model. One possibility for carrying out the perturbative expansion
(in principle, to arbitrary order in 1/U) is to employ a unitary, so-called canonical,
transformation with a suitable generator G so that Heg = exp(iG) H exp(— iG)

[MGY88, MGY90, MGY91, CGP104, KJ04]. The effect of the canonical trans-
formation is to eliminate terms from the Hamiltonian that couple states with a
different number of doubly occupied lattice sites [MGY88].

As a simplification, let us now consider the case Vi = V for all k and p(e) =
p = const. (the density of states p(e) is defined in Eq. (4.6)). According to the
definition (2.22), we then have A(e) = pV2? =T > 0. Note that the hybridiza-
tion strength T' is again defined without an additional factor 7 (see, e.g., Ref.
[KmWW80a] for the usual definition). For I' « U and |6| < U, one can now
derive the following effective low-energy Hamiltonian for the SIAM, which is valid
to second order in the hybridization V (see p. 95 ff. of Ref. [Zit07]):

J o K
HSlan = D ek ChyChn + 758D Chun Cav + 73 D ChuCan - (2:26)
ki k, k.q
B [

)

"R

with impurity spin S = 1/2 and (see p. 97 of Ref. [Zit07] and compare the result
for § = 0 from Ref. [KmWW75]):

8r 1

= 2.2
Pl = Tz apo)e (2.27)
5
= — . 2.2
PK =55 pd (2.28)

In the parameter regime I' < U and |§| < U, the single-impurity Anderson model
is thus approximated at low energy by a spin-1/2 Kondo model with isotropic
antiferromagnetic exchange interaction J > 0, which features additional potential
scattering K if the SIAM is not particle-hole symmetric (the Kondo model with
S = 1/2 and potential scattering is studied in Sec. 5.1.3). The relation between
the Kondo and Anderson Hamiltonians was first demonstrated in Ref. [SW66]
by means of a canonical transformation that is known as the Schrieffer- Wolff
transformation.
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2.3. A minimal model for deposited magnetic atoms
and molecules

2.3.1. The bilinear spin Hamiltonian for the description of an
isolated magnetic molecule

To begin with, let us consider an isolated molecule in zero magnetic field. We
assume that the molecule is magnetic due to one or more contained metal ions with
unpaired electrons that result in a non-zero magnetic moment at the respective
“magnetic center”. In the following, the interaction between two such centers is
discussed. To this end, we furthermore presume that the groundstate multiplets
of both ions are orbitally non-degenerate (typically, this means that the orbital
angular momentum is essentially quenched) and that they are well separated in
energy from the higher-lying levels. Under these conditions, it might be reasonable
to describe the magnetic properties of the molecule at low energy (relative to the
groundstate gaps of the ions) by an effective spin Hamiltonian, which contains
only spin degrees of freedom (cf. p. 20 f. of Ref. [BG90], p. 14 f. of Ref. [GSV06],
and p. 369 of Ref. [FW13]). A justification of such an approach based on a more
fundamental (microscopic) theory is usually difficult ([BG90], p. 20).

Let S4 and Sp be the (effective) spin operators assigned to the two magnetic
centers. If we only consider bilinear terms, the Hamiltonian describing the spin-
spin interaction takes the following general form ([BG90], p. 21):

Hap=8ShJapSs - (2.29)

Here, Jap is a general real tensor with nine independent entries. In principle, also
higher-order terms with an even number of spin operators (e.g., biquadratic terms)
have to be added to the Hamiltonian in order to accurately describe the interaction
between the magnetic centers. However, it is found that in case of magnetic
molecules such terms are usually less important compared to the dominant bilinear
terms (cf. p. 34 of Ref. [BGI0], as well as p. 16 and 19 of Ref. [GSV06]).

The tensor J4p can be split up into a symmetric part S4p and an antisymmetric
part Aap ([BG90], p. 21):

Sap == (Jap + Tip) , (2.30)

Aap = 5 (Jas — Tip) - (2.31)

N~ N~

The antisymmetric component is traceless by definition and the symmetric part
can be made traceless by subtracting a suitable diagonal matrix ([BG90], p. 21):

1 1
51,43ESAB—gtr(SAB)]IZSAB—gtI‘(jAB)]l. (2.32)
N

=JaB
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The resulting decomposition of the tensor Jap,

Jap =Japl +Shp+ Aap , (2.33)
leads to the following equivalent expression for Hamiltonian (2.29):
Hap=JapSa-Sp+S4SipSp+ ShAapSE . (2.34)

As an antisymmetric tensor, A4 p has three independent components (e.g., A%,
A%, and A%%). We now introduce the vector dap = (d%p,d% g, d%5) and
demand:

dap-(SaxSp)=ShAspSs . (2.35)

Equating coefficients leads to nine equations which, using the Levi-Civita symbol
€k can be expressed as:

Alfp =Y ekl for i j==zy2. (2.36)
k

Since Aap is an antisymmetric tensor, this system of equations is solvable and
yields the unique solution ([BG90], p. 22):

ap= Alp, (2.37)
dyp = —Al% (2.38)
ap= Alp- (2.39)

We thus have the following equivalent representation of Hamiltonian (2.29) ([BG90],
p. 21):

Hap=JapSa-Sp+ dap - (SaxSg) + ShSipSk

(2.40)

isotropic antisymmetric anisotropic,
(Heisenberg) (Dzyaloshinski-Moriya) with a symmetric
and traceless tensor

Next, we consider the bilinear spin Hamiltonian describing the magnetic proper-
ties of a single spin by setting S4 = Sp = § in Eq. (2.29). Note that the resulting
Hamiltonian can serve as a model for the whole molecule if the molecule either
contains only one magnetic center or if its groundstate multiplet with good spin
quantum number S is energetically well separated from the rest of the spectrum.
In the latter case, essential magnetic features of the molecule might be describable
using a “giant-spin” approximation which only takes into account the groundstate
multiplet and thus reduces all the spin degrees of freedom of the molecule to a
single (usually large) spin S (cf. p. 284 of Ref. [Blu07] and p. 404 of Ref.
[FW13)).
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For S4 = Sp = §, the isotropic term in Eq. (2.40) reduces to a constant
(JaaS? = JaaS(S +1)1) that can be dropped and the antisymmetric term van-

ishes so that only the anisotropic part remains. Setting ¢ = S’; 4, we obtain the
so-called crystal-field Hamiltonian, which describes the effect of the surrounding
atoms (the “crystal field”) on the spin § (see p. 15 of Ref. [GSV06]):

Hs=8"CS. (2.41)

The tensor C is referred to as the crystal-field tensor ([Blu07], p. 284) or the zero-
field-splitting tensor (because the resulting anisotropy splits up spin multiplets
even in zero magnetic field, cf. p. 17 of Ref. [GSV06]). Since C is symmetric,
we may transform to a coordinate system in which the tensor assumes a diagonal
form D ([GSV06], p. 16):

D0 0
D= 0 Dvw 0 . (2.42)
0 0 D

By convention, the z-axis is chosen so that |D?*?| is maximized. Denoting the
transformed spin operators by S as before, Hamiltonian (2.41) then simplifies to:

s =D (§7) 4 D(89)" + D (57)° (243)

Since C, and thus also D, is traceless, only two free parameters remain (e.g., D**
and DYY). By defining (see p. 16 of Ref. [GSV06])

1
D =D — (D™ + D)
3
= 5 (D™ +DW), (2.44)

E= —(D"™ —DwW), (2.45)

1
2

and subtracting a suitable constant, we obtain:

s = Hs — 507+ D) [(57)° + (57)° + (57)7] (2.46)
=82=5(5+1)1

= D($°)" + EB[(5)" - (8")] (2.47)

= D(57) + % [(59)*+ (7)) - (2.48)

In the last equation, we have introduced the spin raising and lowering operators
via §* = (ST +57)/2 and §¥ = (ST — §7)/2i. The D-term is called awial
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anisotropy and the E-term planar or transverse anisotropy [Blu07, FW13]. For
many magnetic molecules it is reasonable to assume that |E| < |D| (see Ref.
[Blu07] and p. 404 of Ref. [FW13]). In particular, E is zero and the anisotropy
thus uniazial if D** = DYY. A uniaxial anisotropy with D < 0 is said to be of easy
azxis type (since it is energetically favorable for the spin to align parallel to the
axis defined by the anisotropy), whereas D > 0 (by the same logic) corresponds
to hard axis or easy plane anisotropy ([GSV06], p. 17).
In non-zero magnetic field B, a Zeeman term with a g-tensor G,

Hz(B)=pupS'GB, (2.49)

has to be added to the spin Hamiltonian in order to describe the interaction be-
tween the external field and the magnetic moment —upG”’S of the spin ([GSVO06],

p. 15 f.). In the simplest case, the field is aligned in such a way that

GB=BGeg =B|Geg| e, . (2.50)
~——
=9s

With this assumption, the total Hamiltonian for a single spin in an applied mag-
netic field becomes:

H5(B) = D($°)" + E[(57)" = (8")°] + gsunBS* . (2.51)

In particular, as a giant-spin approximation and with D < 0, this Hamiltonian
corresponds to a minimal model for a so-called single molecule magnet (SMM, see
Refs. [GSV06, Blu07, FW13]). SMMs constitute a special subclass of magnetic
molecules characterized by a large groundstate spin and an easy axis anisotropy,
leading to magnetic bistability at low temperature because of an energy barrier
that inhibits a reversal of the spin along the anisotropy direction. In experiments
on SMMs, this energy barrier gives rise to slow relaxation of the magnetization
and magnetic hysteresis at low temperature. Note that the transverse anisotropy
FE mixes eigenstates of the z-component of the total spin and thus allows tran-
sitions through the barrier. This property is related to “quantum tunneling of
the magnetization”, which is experimentally observed in the magnetic hysteresis
curves in the form of characteristic steps. Due to their extraordinary magnetic
properties, it is conceivable that at some point in the future SMMs could be used
as classical or quantum bits for information storage and processing purposes (see,
e.g., Ref. [BWO08]).

The first reported SMM was a Mnjs-acetate cluster (abbreviated as Mnjsac)
with a groundstate spin of S = 10 and an easy axis anisotropy parameter inferred
from experimental data of D ~ —0.66 K ~ —0.057 meV (see p. 135 ff. of Ref.
[GSV06]). Theoretically calculated transverse anisotropy parameters E of the
different isomers of Mnjsac (if non-zero at all due to reduced symmetry) do not
exceed a few mK ([GSV06], p. 142). It is also possible to compute the values of the
anisotropy parameters for individual manganese ions in Mnjsac. Such calculations
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give D ~ —5 K and |E/D| < 0.1 ([GSV06], p. 141). Another well studied SMM,
commonly indicated as Feg, contains eight iron ions. It has a groundstate with
S = 10 like Mnjsac and fits to experimental data result in D ~ —0.3 K and a
rather large ratio 0.15 < |E/D| < 0.19 ([GSV06], p. 151 ff.).

2.3.2. A Kondo model for deposited magnetic atoms and
molecules

As discussed in Sec. 2.1, quantum impurity models (QIMs) were originally used
to describe the anomalous effects that small concentrations of magnetic atoms can
cause in non-magnetic metals. Over the last two decades, however, the focus of
quantum impurity physics has shifted to other problems and systems, creating a
renewed interest in QIMs [BCPO08|. From a theoretical point of view, the concept
of a quantum impurity gained additional importance since QIMs appear as part
of a dynamical mean-field theory (DMFT) calculation [MV89, GKKR96]: It turns
out that lattice models of correlated electrons such as the Hubbard model, which
has been defined in Eq. (2.24), can be exactly mapped onto effective quantum
impurity problems in the limit of infinite spatial dimensionality. This way, an
approximation for the physically relevant case of, e.g., three dimensions can be
obtained.

Regarding further experimental realizations of QIMs, quantum dot devices were
theoretically predicted to display signatures of the Kondo effect in their transport
properties at low temperature [GR88, NL88, HDW91, MWL93, WM94]. Schemat-
ically, a quantum dot is formed by a confined region (e.g., defined in a semicon-
ductor heterostructure) that traps a certain number of electrons and is coupled
to leads via tunnel barriers ([BCP08], p. 422). Because of its quantized energy
levels, it may be viewed as a kind of artificial atom. At the end of the 1990s,
the predicted Kondo effect was indeed experimentally observed in quantum dots
[COK98, GGSM 198, GGGK 198, vdWDFFT00]. Quantum dots, which are usually
described by an Anderson-type Hamiltonian, are particularly interesting realiza-
tions of QIMs since the parameters of the devices can be tuned via the applied gate
voltages so that different physical regimes of the models can be studied ([BCP0S],
p. 422 f.). A few years later, it became possible to build nanometer-scale tran-
sistors incorporating single magnetic molecules and to investigate the occurring
Kondo effect [LSBT02, PPG02]. Similar devices have also been fabricated us-
ing single molecule magnets, allowing for a study of the transport properties of
individual SMMs [JGB106, HIGF*06].

Around the same time the Kondo effect was experimentally observed in quan-
tum dot systems, it was discovered that magnetic impurities deposited on the
surface of a non-magnetic metal can also be Kondo screened. This phenomenon
is referred to as the surface Kondo effect (see chapter 10 of Ref. [Zit07]). The
appearance of a Kondo resonance for magnetic atoms deposited on a metallic sub-
strate was demonstrated by performing scanning tunneling spectroscopy (STS)
experiments [LSBD98, MCJ*98, MCJ*01]. Subsequently, similar experimental
studies were conducted for “artificial” molecules [MJNT02], magnetic molecules
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[WDW 05, IDH06, GJH'07], and finally SMMs [KIL*11] on suitable surfaces.
From a technological point of view, attempts at organizing magnetic molecules on
substrates and investigations of their properties in contact with the surface seem
worthwhile because a controlled deposition could solve the problem of addressabil-
ity (see Refs. [GCMS09, RDTT09, CMSS11, DBRM12]): In order to use single
magnetic molecules as classical or quantum bits, one has to be able to individually
address and manipulate them in the first place.

A list of experimentally determined Kondo temperatures for the surface Kondo
effect can be found on p. 202 of Ref. [Zit07]. Because of the strong dependence
on the microscopic parameters, which has already been observed for bulk systems
(cf. Sec. 2.1), the estimated Tk-values extend from above room temperature to
below the lowest temperature achievable in the STS experiments of around 5 K.
It has been argued that, due to the reduced coordination at a surface, deposited
magnetic impurities have significantly smaller Kondo temperatures compared to
impurities in the bulk of the metal [KSDT02, QWW™T04].

As a model for a single magnetic molecule on the surface of a non-magnetic
normal metal, we use Hamiltonian (2.51) with £ = 0 (i.e., without transverse
anisotropy) as the impurity part of the Kondo Hamiltonian (2.15):

Hinp(B) = D($°)° + gspupBS* . (2.52)

Since the z-component of the total spin (with the corresponding magnetic quantum
number M) commutes with the axial, but not with the transverse anisotropy term,
setting £ = 0 makes M a “good” quantum number and thus simplifies calculations
(see Sec. 2.4.2). Note that for several reasons besides neglecting the transverse
anisotropy the combination of Eqgs. (2.15) and (2.52) leads to a very simplified (at
best, minimal) model of a deposited magnetic molecule. For example:

1. Since we consider a Kondo model, the impurity spin is fixed and no charge
transfer between molecule and surface is possible. In the simplest case,
charge fluctuations can be described using the single-impurity Anderson
model (2.19) which, however, maps to an isotropic spin-1/2 Kondo model
as discussed in Sec. 2.2.1.

2. Orbital contributions to the magnetism are not explicitly taken into account.
Note, however, that the anisotropy terms in the spin Hamiltonian (2.51) are
at least partly ascribed to effects which are related to the orbital angular
momentum (cf. p. 27 ff. of Ref. [BG90] and p. 28 f. of Ref. [GSV06]).

3. The interaction term (2.5) in the Kondo Hamiltonian has a very simple
structure considering that a surface necessarily breaks symmetries of the
bulk metal. In an Anderson-type model for a deposited magnetic impurity,
the hybridization parameters Vi are expected to be strongly anisotropic in k-
space [LCNJ05] (also compare p. 212 of Ref. [Zit07]). Likewise, k-dependent
exchange parameters Jpq in a more realistic interaction term of a Kondo
model should be anisotropic in the reciprocal space [ZPP08].
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4. We consider a Kondo model with a single electron band. In general, a de-
posited molecule is expected to couple to different types of electronic states
(e.g., both bulk and surface states can be relevant as pointed out on p. 211
of Ref. [Zit07]). Nevertheless, a single-channel model might still be a rea-
sonable starting point for an effective description. For example, it is possible
that the impurity only interacts with a certain symmetrized combination of
the different kinds of electron states, leading to a single effective conduction
channel ([Zit07], p. 211 f.).

5. The surface can mediate a (possibly long-ranged) indirect interaction of
RKKY-type [RK54, Kas56, Yos57, RZK66, ZWLT10] between different de-
posited impurities. Depending on the properties of the substrate and the
spatial separation of different molecules on the surface, it may therefore be
insufficient to consider a single-impurity problem as described by Hamilto-
nian (2.15).

The Kondo Hamiltonian (2.15) with isotropic exchange interaction and the im-
purity part (2.52) (including additional transverse anisotropy E) has already been
used to describe SMMs in contact with metallic electrodes [RWHS06b, RWHS06a,
RWHS11, RWH08, RWH10]. Furthermore, it has been demonstrated that the
spin Hamiltonian (2.51) alone is able to describe the surface-induced anisotropy
of a single magnetic atom separated from the underlying metallic substrate by an
additional decoupling layer [HLOT07, OTvB*08, BG09]. The D-values obtained
by fitting the experimental data with such a spin model can be as large as a few
meV (with the transverse anisotropy F, if taken into account, being smaller in
magnitude by a factor of about 5) [HLOT07, OTvB*08, BG09]. The occurrence
of spin-orbit-induced anisotropy for magnetic impurities that are embedded in a
metal near a surface was theoretically predicted in Refs. [UZG96, UZ9S].

Note that the single-channel single-impurity Kondo model with axial and trans-
verse anisotropy in zero magnetic field has been studied in detail in Ref. [ZPPOS].
There, it is conjectured that the appropriate effective model for the description of
the surface Kondo effect could be some anisotropic Kondo model instead of the
typically used Anderson model. The authors of Ref. [ZPP08] subsequently investi-
gated anisotropic Kondo models for deposited magnetic impurities also in non-zero
magnetic field, focussing on spectral functions [ZPP09, ZP10] and magnetization
curves [Zit11a].

2.4. Symmetry properties of the Hamiltonian

The symmetry properties of the Hamiltonian are an important aspect since, e.g.,
the use of symmetries can simplify and speed up calculations. Moreover, certain
calculations may only be possible if enough symmetries are exploited. It is conve-
nient to discuss the symmetry properties of the Kondo model on the basis of the
real-space representation (2.6) and the definition (2.16) of Hac.
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2.4. Symmetry properties of the Hamiltonian

2.4.1. SU(2) isospin symmetry

Under certain conditions, the Kondo Hamiltonian possesses a SU(2) symmetry
that is referred to as awzial charge [JVWS8S], pseudospin or isospin [TSU9T7|, or n-
pairing symmetry [EFGT05]. This symmetry only involves the electronic degrees
of freedom. The components of the total isospin operator 7iota1 are defined in the

following way (see Ref. [TSU97] and p. 34 of Ref. [EFGT05]):

Miotal = 5 Z (QITQZT +dj diy — 1) (2.53)
= 1(N — LY (2.54)
2 ~ b
Qj;tal = Z Si QITQL 3 (255)
_ i
Qtotal = (in—)tal> = Z S; giig“ ’ (256)
a: _ 1y _
Mtotal = 5 (ﬂtotal + Qtotal) ) (2.57)
1 _
Qtyotal = Z (Q::)tal - Qtotal) . (258)

Here, S; = £1 is an additional factor that is assigned to lattice site 7. Let us
now assume that the lattice is bipartite, meaning that it can be divided into two
sublattices A and B in such a way that there is an interaction only between sites
belonging to different sublattices. We then define:

S = {—1 , if site i belongs to sublattice A (2.59)

1 , if site i belongs to sublattice B

According to the above representations of the components of the isospin, the total
isospin of the electrons is given by a sum over contributions from the individual
lattice sites:

Qtotal = Z Qz . (260)

The isospin operators are related to the spin operators of the conduction elec-
trons via a particle-hole-type transformation that is called “Shiba transformation”
([EFGT05], p. 34), and they also satisfy SU(2) commutation relations. With the
Levi-Civita symbol e*#7 and [A, B| = AB— BA, we thus have ([EFGT05], p. 34):

[2?»25} =iy ] for a,f=wy,z. (2.61)
ve{z,y,2}
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2. The single-channel single-impurity Kondo model

Provided that the lattice is bipartite, the hopping parameters are real and spin-
independent, and the chemical potential is zero, the Kondo Hamiltonian displays
a SU(2) isospin symmetry for arbitrary magnetic fields:

[gé%ﬂdo7 ngta1:| = |:gKond07 Q?Otal] =0 for a= xr,Y,z . (262)

A non-zero chemical potential breaks the full isospin symmetry because fichem COU-
ples to the total particle-number operator N = 2n¢ ., + L¢. However, even if the

aforementioned conditions are not met, the number of electrons is still conserved
so that there is always a U(1) symmetry:

(2%, nig| = 0. (2.63)

2.4.2. SU(2) spin symmetry

Combining the total electron spin Stota, which is a sum over contributions from
the individual lattice sites, with the impurity spin S, the total spin operator for
the Kondo model is obtained:

§total = Stotal + § = Z§1 + § . (264)

The components of the total spin are expressed via the creation and destruction
operators in the following way (compare the real-space representation of so from

Eq. (2.4) and see Refs. [TSU97, EFGT05]):

z 1 z

St = 32 (dhdin —dldi) +8°. (265

Stotal = Z QITQQ +57, (2.66)
_ T _

St = () =D _dldn+87,  (267)
T 1 + -

Rtotal — 5 (‘gtotal + §tota1> ’ (268)

1 _
",S?tJotal = Z (‘g::)tal - ‘Stotal) : (269)

If the exchange interaction is isotropic (i.e., J* = JY = J#) and the magnetic
field zero, and if there is no impurity Hamiltonian Hyp, the Kondo model has

the full SU(2) spin symmetry for arbitrary values of the chemical potential (the
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2.4. Symmetry properties of the Hamiltonian

invariance of the tight-binding term in Eq. (2.6) is shown, e.g., on p. 33 of Ref.
[EFGT05]):

» ~total

[gégﬂdo o ] =0 for a=uzy,z2. (2.70)

In non-zero magnetic field, the full spin symmetry is reduced to a U(1) symmetry,

s K total

2%, 8] =0, (2.71)

since the Zeeman terms for conduction electrons and impurity involve the z-
component of the respective spin. Furthermore, an additional uniaxial anisotropy
of the impurity spin as in Eq. (2.52) or an exchange anisotropy of XXZ-type break
the full invariance under rotations in spin space, but preserve the U(1) symmetry
(2.71).

Since the total isospin and the total spin commute (see p. 34 of Ref. [EFGT05]),

[Qtoz)tal"gfotal} =0 for a,f=uzy,2, (2.72)

the Kondo model may exhibit two separate SU(2) symmetries that can be simul-

taneously exploited. In all cases that are considered in this thesis, HEE satisfies

Egs. (2.63) and (2.71), i.e., displays two U(1) symmetries.

2.4.3. Spinflip symmetry

A so-called spinflip for the Kondo model corresponds to a unitary transformation
Uss with the following effects on the electronic and impurity degrees of freedom:

~*"

%sf gia %If = ,le —0 (273)
Z{!sf Z;h Z{!Zf = ( - Q'va _Q?a +sz) ) (274)
Ugsidly = (47 —s¥,—s), (2.75)
UsSUL = (+5°-58".-5). (276)

Transformation (2.73) maps a spin-down particle to a spin-up particle (and vice
versa) and thus “flips its spin”. Eqs. (2.74) and (2.75) are obtained by applying
the spinflip transformation to the representations of the isospin and electron spin
from Secs. 2.4.1 and 2.4.2, respectively. In contrast, the transformation property
(2.76) of the impurity spin is chosen so as to match that of the electron spin.

Applying the spinflip transformation to the real-space representation (2.6) of
the Kondo Hamiltonian, with the impurity part from Eq. (2.52) and additional
chemical potential term, we find:

U HEZ (B) UL, = HER(—B) . (2.77)
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2. The single-channel single-impurity Kondo model

In particular, H é%ndo is thus invariant under a spinflip for vanishing magnetic
field.

The transformation property (2.77) implies that magnetizations of the Kondo
model vanish for B = 0 and that magnetization curves exhibit point symmetry
with respect to B = 0. Schematically, consider a thermodynamic expectation
value of the z-component of the impurity spin that is calculated using the density
operator p(B):

(S*)(B) = tr(gzg(B)) . (2.78)

Using Eqgs. (2.76) and (2.77) in combination with the cyclic property of the trace,
we indeed obtain:

(5)(B) = r(Ua UL Ut p(BYUL) = ~($5)(=B) . (279)

2.4.4. Particle-hole symmetry

A particle-hole transformation for the Kondo model (in arbitrary magnetic field)
again corresponds to a unitary operator Upy,. It affects the electronic and impurity
degrees of freedom in the following way:

%Phgiazﬂ)h = Sidl_,, (2.80)
Upnmi U, = (+gfa—gi’,—gf)» (2.81)
Ums:lll, = (—si—sl+si), (282)
UnSUL, = (=57, -8 +57). (2:83)

Transformation (2.80) maps a hole to an electron with opposite spin projection
(and vice versa) and, furthermore, adds a sign S; according to the definition (2.59).
Eq. (2.83) is again chosen so as to match Eq. (2.82). Note that an isospin changes
under a particle-hole transformation in the same way as a spin does under a spinflip
transformation and vice versa.

For a bipartite lattice with real and spin-independent hopping parameters, a
particle-hole transformation turns the Kondo Hamiltonian into (cf. Eq. (2.54)):

%ph]glé%ndo (,uchem) LN{Lh = ]Zlé%ndo(f,uchem) - 2Ldﬂchem . (284)

If the chemical potential is zero, H é‘é“do is equal to Hxondo and invariant under

the transformation. With an argument analogous to the one leading to Eq. (2.79),
we then find:

<Q§otal> = _<Q§0tal> g <Qtzota1> =0 g <JX> = Ld . (285)
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2.4. Symmetry properties of the Hamiltonian

In case of particle-hole symmetry, the conduction band is hence on average half-
filled. If the chemical potential coupled to the z-component of the isospin, a
particle-hole transformation would simply map fichem t0 —fichem according to Eq.
(2.81), just in the same way as a spinflip transformation turns the value of the
magnetic field into its negative (cf. Eq. (2.77)).
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Part II.

The Numerical
Renormalization Group
for the thermodynamics

of the single-channel
Kondo model
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3. Overview of a Numerical
Renormalization Group calculation

Because chapter 4, which describes the Numerical Renormalization Group (NRG)
in detail, is rather long and technical, we would like to give a brief introduction
to NRG, with a compact overview of the different steps in an actual calculation,
before continuing.

NRG is a numerical method originally introduced by Kenneth G. Wilson in 1975
[Wil75] which is intended to approxzimately solve the eigenvalue problem of a quan-
tum impurity model (such as the Kondo model) in the continuum limit. It gives a
number of eigenvalues and eigenvectors that can be used to approximate the full
energy spectrum of the model in a certain way. This allows, e.g., to calculate ther-
modynamic expectation values. Although NRG is optimized to produce reliable
low-temperature results, it can also be used to study the effect of finite tempera-
ture. As a limitation of the method, the bath degrees of freedom (as opposed to
the impurity degrees of freedom) are required to be non-interacting so that certain
analytical transformations are possible. Furthermore, with growing complexity of
the quantum impurity models (i.e., with increasing number of impurities and bath
channels), NRG calculations quickly become prohibitively expensive. In practice,
the application of NRG is therefore restricted to systems with only a few impurities
and channels. On the other hand, if a model can be treated using NRG, there are
no principle limitations regarding the parameter space that can be studied since
NRG is non-perturbative with respect to all physical parameters [BCP0S].

The various approximations that are made in a NRG calculation might seem se-
vere at first sight. However, comparisons with (quasi-)exact results that are avail-
able for certain impurity models (e.g., with Bethe ansatz results for the Kondo
model [AFL83, TW83]) reveal that NRG can be surprisingly accurate. Never-
theless, the approximations that are made are, strictly speaking, uncontrolled.
For example, there is no quantity like the “discarded weight”, which can be used
to assess the accuracy of the results in Density Matrix Renormalization Group
(DMRG) calculations (see, e.g., Ref. [Sch05]). In principle, one has to check for
each system that NRG is really applicable. In practice, however, this can only
be done by varying the numerical parameters and verifying that this does not ap-
preciably change the obtained results. There are recent attempts to quantify the
accuracy of NRG calculations (see, e.g., Ref. [Weill]).

NRG was originally applied to the Kondo model [Wil75] and the single-impurity
Anderson model [KmWW75, KmWW80a, KmWWS80b]. Since then, NRG has been
used to study the properties of a large number of quantum impurity models (see
Ref. [BCPO8] for a recent review of available results). While, at first, NRG
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3. Overview of a Numerical Renormalization Group calculation

was only employed to calculate thermodynamic expectation values, the method
was subsequently extended to also allow for the calculation of dynamic quantities
(such as the single-particle Green’s function and its spectral density). With the
temperature-dependent spectral density it is possible to, e.g., determine transport-
related properties such as the resistivity and conductance [BCP08]. Among further
generalizations of NRG are the treatment of a bosonic bath (bosonic NRG; see,
e.g., Ref. [BLTVO05]) and the investigation of non-equilibrium transient dynamics
(TD-NRG; see Refs. [AS05, AS06]).

Technical aspects of a NRG calculation for the single-impurity Anderson model
are described in Refs. [KmWW80a, BCP08], whereas a chapter of Hewson’s book
[Hew93] and Costi’s review [Cos99] concentrate on the application to the Kondo
model. A comprehensive overview of the NRG method is also provided by the
PhD thesis of Zitko [Zit07].

Let us now turn to a summary of the Numerical Renormalization Group. A
NRG calculation comprises the following steps:

1. Transformation to a continuous energy representation (exact, see Sec. 4.1):
In the limit of an arbitrarily large electronic lattice (i.e., in the thermo-
dynamic limit), the Hamiltonian is first transformed to a continuous energy
representation. The properties of the impurity can then be ezactly described
by keeping only those electronic states to which it directly couples. After the
transformation, the details of the bath (including its dimensionality and lat-
tice structure) are completely “encoded” in the density of states (DOS) of
the electrons.

2. Logarithmic discretization of the electron band (key approximation of NRG,
see Secs. 4.4, 4.5, and 4.7):
In order to treat the obtained Hamiltonian numerically, the continuum of
electronic states has to be discretized. NRG aims at providing high energy
resolution close to the Fermi energy ep, i.e., at low temperature. To this
end, the electron band is logarithmically discretized around e by defining
certain energy intervals and keeping only one suitable state per interval.
The discretization is called logarithmic since the interval width decreases
exponentially upon approaching the Fermi energy so that the electron band
is equipartitioned on a logarithmic scale. The electronic state that is chosen
in each interval is the only state falling into the respective energy window
that directly couples to the impurity. For this reason, the interaction term
in the Hamiltonian can be exactly expressed via the selected states.

3. Tridiagonalization (exact, see Sec. 4.9):
The resulting discretized Hamiltonian is tridiagonalized, i.e., it is ezactly
mapped onto a semi-infinite so-called Wilson chain with the impurity at the
closed end. The first (zeroth) state of the Wilson chain, which corresponds
to the starting point of the tridiagonalization, is chosen as that electronic
state to which the impurity directly couples (this, again, allows for an exact
representation of the interaction term). The Hamiltonian of the Wilson chain
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has the special and important property that its parameters (i.e., hopping
parameters and possibly on-site energies) decrease exponentially along the
chain towards the open end. This is a direct consequence of the logarithmic
discretization of the electron band.

. Iterative diagonalization of the Wilson chain and basis truncation (approxi-
mation, see Secs. 4.10 and 4.11):

The Hamiltonian of the Wilson chain is iteratively diagonalized. Starting
from the closed end with the impurity, the chain is constructed by adding
one lattice site at a time, followed by a numerical diagonalization of the en-
larged chain fragment in each step. With respect to the considered states,
this diagonalization is complete and exact. Since the size of the Hilbert space
grows exponentially with the number of included sites, states have to be dis-
carded after a few steps, i.e., the basis has to be truncated. The states to
keep are chosen based on their energy: After each step involving a truncation
of the basis, only a certain number of the energetically lowest-lying states is
retained. This truncation scheme is notably simpler than the one used in a
DMRG calculation. However, it only leads to results that are representative
of the properties of the full Hamiltonian because of the special structure of
the Wilson chain.

. Calculation of thermodynamic expectation values for certain temperatures
(see Secs. 4.12 and 4.13):

The energy spectrum obtained in a certain step of the iterative diagonaliza-
tion is inaccurate at low energies since the contribution of the remaining part
of the semi-infinite Wilson chain is missing. Furthermore, states exceeding a
certain energy are not available once the basis has to be truncated. For this
reason, the approrimate eigenstates determined in the current step can only
be used to calculate thermodynamic quantities for thermal energies that are
large compared to the groundstate gap (so that improperly reproduced fine
details in the low-energy spectrum are thermally washed out), but small com-
pared to the energy cutoff (so that the contribution of the missing part of the
spectrum can be neglected). This requires some compromise when assigning
one or several temperatures to a chain fragment of a certain length. In any
case, since the groundstate gaps are related to the exponentially decreasing
hopping parameters of the Wilson chain, the temperature (or energy scale)
declines exponentially along the chain towards the open end. Considering
a longer chain fragment therefore corresponds to studying the model on a
lower temperature or energy scale. For the temperatures that are chosen in
a certain step, the eigenvalues, eigenstates, and matrix elements that are
available in this step can be used to calculate thermodynamic expectation
values with respect to the grand-canonical ensemble in a standard way.
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4. The Numerical Renormalization
Group (NRG)

In this chapter, we are going to describe in considerable detail how to carry out a
Numerical Renormalization Group calculation for a single-channel Kondo model
in order to obtain thermodynamic (static) expectation values with respect to the
grand-canonical ensemble.

The starting point for our considerations is Hamiltonian (2.17). In order to keep
the notation simple, we assume in this chapter that the exchange interaction is
isotropic (i.e., J* = JY = J* = J). Note that this restriction is not necessary
for the subsequent discussions as long as the total Hamiltonian has the symmetry
properties that are exploited in Sec. 4.11. There, the charge ) and the magnetic
quantum number M belonging to the z-component of the total spin are assumed
to be good quantum numbers. In fact, Hamiltonian (2.17) could, in principle,
be generalized to include an arbitrary number of impurity degrees of freedom
that either do not interact with the electrons at all or only couple to the states
fou defined in Eq. (4.20), without requiring any fundamental changes of the

presented NRG procedure. For example, there could be Ng impurity spins, with
the interaction term (2.5) replaced by:

S interaction

Ns
i=1

Furthermore, apart from its symmetry properties, the exact form of the impurity
part Hinp of Hamiltonian (2.17) is also irrelevant. The considerations in this
chapter therefore apply to a multi-impurity single-channel Kondo model.

4.1. Transformation to a continuous energy
representation

For an arbitrarily large electronic lattice with L > 1, the momenta k become
(quasi-)continuous so that we can perform a standard continuum limit in k-space.
To this end, we introduce new operators (cf. App. A of Ref. [KmWW&0a]),

d
L
% Cko — Qd(k) , (4'2)

35



4. The Numerical Renormalization Group (NRG)

which still fulfill standard anticommutation relations,

{Q,u(k), Ql(q)} = 6(k - Q)auu , (43)
since (L/27)%0kq — 0(k — q). Replacing sums with integrals,
L\’ 27\ ¢ L\’
o) 2(E) () [ )
k k
= (Ak)4

and using the operators a,(k), Hamiltonian (2.17) with jichem = € is transformed
to:

HEO 5 Hy = Y / dk (2, (k) — er) al(k)a, (k)
n

n %é’ (;ﬂ)dz (/dkgL(k)) % </dqgu(q))

[78%

+ Hiump(B) . (4.5)

We now introduce the density of states (DOS) per lattice site (or mode) and
“per spin projection”:

o) = % S o — k) - (4.6)
k

The DOS is normalized by definition:

/dep(a):%21:1. (4.7)
k

Measuring energies relative to the Fermi level, i.e.,

556—5}7‘, (48)

let us define the following states of distinct energy & (cf. Ref. [SDLO08], and also
observe the corresponding expressions for the two-impurity Kondo model from
Refs. [Fye94, ALJ95, CO04]):

au(é) = ~1
~ V@m)p(E +ep — ph)

/dk §(E+er—ceu(k)) au(k) . (4.9)

h and e, have been introduced in Eqgs. (2.12) and (2.13), respectively. The states
a,(€) are correctly normalized:

{a,(8), al (@)} = 0(~ @) 6y - (4.10)
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4.1. Transformation to a continuous energy representation

Let us now assume that e, € [-W, W] for all k. W thus denotes the half-
bandwidth of the electrons. Comparing the identity

wWt4puh

Var! / VPE+er — ph) a,(é) = /dkgu(k) : (4.11)

—W=+uh

where we have introduced W+ = W e F, with the interaction term in Hamiltonian
(4.5) reveals that the states a,(¢) are in fact the only electronic states which directly
couple to the impurity spin. If we are only interested in impurity properties, we
can thus, without any approximation, discard all the other states with energy &
that are different from those defined in Eq. (4.9) (note that, in general, there are
infinitely many such states). In this way, we obtain the desired continuous energy
representation of the Hamiltonian:

wWt4puh
Hap = Haz =) dééal(8)a,u(é)
B W= un
Wt +uh
+ IS Y de\/p(E+ep — ph) al,() %
WY\ _w* un
Wt 4vh
45 \/p(B T 2r — o) 0, (@)
—W-—+vh
+ Hinp(B) (4.12)

In general, the purely electronic terms in Hamiltonians (4.5) and (4.12) are not
equivalent since electron states are discarded in the transformation Hax — Hgz.
However, in the special case that the dispersion relation (k) is a bijective map
between energy ¢ and shift quantum number k (i.e., all states are retained), we
indeed have

Wt uh
Z / dééal(8)au(é) =gk Z/dk (eu(k) —er) al,(k)au(k) . (4.13)
Iz W tuh Iz

Finally, note that £ = 0 corresponds to ¢ = er and that Hamiltonian (4.12) does
not explicitly depend on the number of lattice sites L or the dimension d anymore.
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4. The Numerical Renormalization Group (NRG)

4.2. Transformation to a dimensionless representation

For the physically reasonable case h < W¥, we now introduce abbreviations for
the integration boundaries in Eq. (4.12),

+ _ +

and use them to define rescaled integration variables and electron operators (cf.
Ref. [KmWW80al):

&= Bi* for £>0, (4.15)

i
L= Bé; for £€<0, (4.16)
at(&h) = \/Egﬂ(é) for >0, (4.17)
a, (&) =/Bi au(é) for £<0. (4.18)

The new states af,(£) (with p = &) are again properly normalized, i.e.,

{an(en). oM (cE) | = 8(&h = ) (4.19)

Using the above definitions and the normalization of the DOS from Eq. (4.7),
the normalized electronic state to which the impurity spin directly couples can be
written as:

1
for = [ agi\Jo(€iBE+er —u)Bi 0 ()
0

0

+/d€;\/p(€EB/I tep —ph)Byag (6) . (4.20)

-1

with { fop, Jj)y} = O - (4.21)

The introduction of fy, leads to an equivalent expression for the energy represen-

tation H g4z from Eq. (4.12):
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4.3. Example: One-dimensional tight-binding electrons

Hyne = / a5 65 e (6 (61)

L& e (60 a4 (&)

123

+J8- wa 2 fou + Hinp(B) (4.22)

= Hee. (4.23)

This representation is the starting point for an NRG treatment of the original
Kondo Hamiltonian (2.15). We refer to Hxra/W as a “dimensionless representa-

tion” since HNra /W only contains dimensionless quantities.

4.3. Example: One-dimensional tight-binding
electrons

As an example, consider the following Hamiltonian:

Hiprs = tz ( CipCitip + Llﬂgiu) . (4.24)

It describes non-interacting “tlght—blndlng electrons that can hop between adja-

" _ (D
LT+1;L Cm)

[EFGT05]. We assume that the nearest-neighbor hopping parameter ¢ is positive.
By employing the discrete Fourier transformation [EFGT05]

cent sites of a one-dimensional periodic lattice (i.e., a ring with ¢

~

CWE Z amiki/L et (4.25)

where the shift quantum number k satisfies k& € {0, 1, ..., L—1}, and by introducing
the dispersion relation

ex = 2tcos(2nk/L) , (4.26)
Hamiltonian (4.24) can be equivalently written as:

L-1

IleTB = Z €k££#£ku . (4.27)

k=0
m

For an even number of lattice sites L, this representation of the Hamiltonian is
furthermore equivalent to
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(a) 1.0 : ; ; (b) 1.5 . :
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Figure 4.1.: (a) Dispersion relation (k) from Eq. (4.30) and (b) correspond-
ing density of states p(¢) from Eq. (4.31) for one-dimensional
tight-binding electrons described by Hamiltonian (4.24) with half-
bandwidth W = 2t.

L/2—1
Hipre = D, e diudou (4.28)
q=—L/2
m
with &) = —2tcos(2mq/L) , (4.29)

because of translational invariance.

In the limit of an arbitrarily large lattice, i.e., for L > 1, we obtain the contin-
uous dispersion relation

|e(k) = —2tcos(k) with k€ [-m,m)| (4.30)

According to the definition (4.6) of p(e), this dispersion relation leads to the fol-
lowing DOS per lattice site and per spin projection (using, e.g., the identity for
the delta function from Eq. (4.138)):

ple) = m @(1 - |2€t|) . (4.31)

The half-bandwidth of the electrons is thus W = 2¢. As required by the definition
(4.6), the DOS (4.31) is normalized, i.e., fi/VW de p(e) = 1. The dispersion relation
and the DOS are shown in Fig. 4.1.
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4.4. Logarithmic discretization I: Standard discretization with
z-averaging

4.4. Logarithmic discretization |: Standard
discretization with z-averaging

In order to treat Hamiltonian (4.22) numerically, it is necessary to cast it into
a discretized form. It turns out that this has to be done in a clever way if one
intends to obtain results that are representative of the continuum limit of inter-
est. The relevant low-energy scales for a quantum impurity model such as the
Kondo model can be orders of magnitude smaller than, e.g., the bandwidth of the
electrons. For this reason, a linear discretization of the continuum of electronic
states does not constitute a practical approach since, in general, it would require
an enormous amount of states in order to resolve the low-energy scales [BCPO0S].
Instead, a logarithmic discretization of the electron band is used. This allows
to resolve low-energy features with a significantly reduced number of electronic
states. Nevertheless, it is only one possible choice for the discretization and, as
Wilson has remarked: “The only true justification for using the logarithmic di-
vision is that a successful calculation results.” ([Wil75], p. 813) The original
(“standard”) implementation of the logarithmic discretization is discussed, e.g., in
Refs. [Wil75, KmWW80a, KmWWS&0b].

Depending on the impurity problem, it might not be possible to use a logarith-
mic discretization mesh that is fine enough because of practical constraints. In
this case, the obtained results might show obvious numerical artifacts such as ar-
tificial oscillations. A possibility of alleviating these artifacts is given by a method
which is referred to as z-averaging since it involves averaging results for different
discretization meshes that are determined by the so-called twist parameter z. Be-
cause these meshes are “interleaved” in a certain sense, the approach is also called
the interleaved method. It was introduced in Ref. [YWO90] and further developed
in Refs. [0094, CPLO97].

4.4.1. Logarithmic discretization of the continuum of electronic
states

For an accurate description of the low-energy and low-temperature properties of
the considered quantum impurity model, NRG aims at a high energy resolution
close to the Fermi energy, i.e., around £ = 0 or, equivalently, ¢ = ep. We now
introduce two numerical parameters, whose values are regarded as given in this
subsection: the discretization parameter A > 1 and the twist parameter z € (0, 1].
The meaning of the twist parameter and the idea of the related z-averaging are
discussed in detail in the next section 4.4.2. If there are different “species” of
electrons that are non-equivalent on the single-particle level (e.g., electrons with
spin-up and spin-down in case of h # 0), the logarithmic discretization has to be
carried out separately for each species.

In order to establish a logarithmic division of the integration ranges in Eq.
(4.22), the following intervals are defined [YWO90]:
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I - A2 <gh <1 , for m=0 (4.32)
m ' A=F™m < flf < AEmmA , for m>1" '
—1<& < —-A"7 fi =0
I-(2) - o Tbsge<mAT e, dorom (4.33)
—ATETHL e < AT for om >

In the special case z = 1, this division corresponds to the logarithmic discretization
that has been proposed by Wilson [Wil75]. The logarithmic division is illustrated
in Fig. 4.2 for z = 1 and three values of the discretization parameter A. Why is
this division called logarithmic? The width of the intervals I (z) for m > 1,

A, = A5 ATEm —gmmInA A=E (A ) (4.34)

exponentially decreases with growing interval index m. Since

In(A~*™) —In(A™*"™) = In A = const. , (4.35)

the interval definitions (4.32) and (4.33) correspond to an equipartition of the
integration ranges in Hamiltonian (4.22) on a logarithmic scale.

In order to obtain a discrete representation of Hamiltonian (4.22), the infinite
number of electronic states in each interval I?, (z) (p = +) has to be reduced to
some finite number. In a typical NRG calculation, one suitable state is picked
from each interval and all other electronic states are discarded. On each interval
I? (z), there is actually only a single state which directly couples to the impurity
spin. These states are kept to allow for a description of the interaction between
electrons and impurity that is as good as possible. As illustrated by Fig. 4.2, the
logarithmic discretization mesh becomes finer for smaller values of the discretiza-
tion parameter A. In particular, the reduction of each interval to a single state
becomes exact for A — 1 and, in this limit, the continuum of electronic states is
restored. A — 1 corresponds to the continuum limit of the Kondo Hamiltonian
that we are interested in.

Note that the selected states are linear combinations of the original single-
particle states and thus mix different energies. On each interval, the chosen state
can be interpreted as an element of a new basis. With respect to this new set of
basis states, the purely electronic term in Hamiltonian (4.22) cannot be diagonal
anymore. Although the interaction term can be represented exactly via the kept
states, the reduction to one state per interval is thus necessarily an approximation
for A > 1.

In case of a constant DOS, the new basis can be obtained by performing a
Fourier expansion on each interval [Wil75, KmWW80a]. The kept state then
corresponds to the respective zero mode. Since the Fourier expansion leads to
explicit expressions for the neglected states, some additional analytical calculations
become possible [Wil75, KmWW80a].

In order to simplify the notation, we henceforth drop indices and superscripts of
integration variables where possible and introduce the following two abbreviations:
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(a) A=4
Iy oI I I I
| i [N i |
I | 1
| L |
(by A=3
Iy L L 1y If Iy
| i [ i |
PSRN P
-1 —At A2 A2 AT 1
() A=2
Iy I 1y I If Iy

Figure 4.2.: llustration of the logarithmic discretization according to Egs. (4.32)
and (4.33) for twist parameter z = 1 (i.e., as proposed by Wilson) and
three values of the discretization parameter A > 1.
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V&) = p(EBL +ep — ph)BY (4.36)

Wine) = [ deplesy e —uh)W . (437
I5.(2)

The operator fg, from Eq. (4.20) can then be written as:

1 0
fon= [\ E© i@ + [delr©ai©). (4.38)
0 —1

Motivated by this representation of fo,, we define the following zeroth “wave

functions” ¢ o, (2,€5) = (&R ]@h,0,(2)) [CO05],

_wm@® for &€ 1P (2)
Prou(2,€) = Jip, o 460 e (4.39)
0 , otherwise
which are properly normalized:
<50£10/1(Z)‘90€n0y(z)> = ZP ) dg @fn%u(zvf) prnOu(ng) = 5;“/ . (440)

Using ‘§ﬁ> = gﬁ*({)\ﬂ) and |<pﬁ1w(z)> = gﬂon(z)\gb with the vacuum state |Q2),

the closure relation 1 = ) deh ‘§ﬁ><§ﬁ‘ gives the expansions for the

DM, L f]p

m

corresponding operators ay,,(2) in terms of the states a? (£):

() = / dE P (2.6) ab (€) (4.41)
15, (2)

’

{a2.0,(2), 010, (2)} = Oppt OOy (4.42)

The new operators a’ N(z) allow for an exact representation of the state fo, from

Eq. (4.38) (cf. Ref. [CO05)),

BP
fou =D _\/ 55 Whn(2) @hou(2) (4.43)
p,m

and thus indeed correspond to those electronic states that directly couple to the
impurity spin.

Next, starting with the function gpﬁloﬂ (2,€), we formally construct a complete

orthonormal set of functions ¢}, ,(z,§) on each interval I?, (2) [CO05], i.e.,

44



4.4. Logarithmic discretization I: Standard discretization with
z-averaging

L) = Z|<Pmnu Hmu (2] (4.44)

<<p?r)nnu(z)|<pﬁm/y(z)> /Ip (2 )df @mnu( f) @frm/u(zyf) = 5nn’5lw ; (4'45)

with corresponding operators

ar, (2) = / O e (4.46)

This allows us to set up the inverse transformation,

 ( Zsomw )ab,.(z) for €€Ib(z), (4.47)

N/

and to express Hamiltonian (4.22) with respect to the new basis {amw(z)}:

Hyne = W) W‘fAiimw 2) @l (2) @ (2)
'ILIZL
+JS- Zfoﬂ 22 fou + Himp(B) | (4.48)
with
AP (2) = / AEEG (2,6) P (2.6) (4.49)
. 2,(2) .

As expected, the electron term is non-diagonal with respect to the basis {a?,,, u(2) }.
For this reason, the states aﬁmu( z) with n # 0 indirectly couple to the impurity
spin although the expansion (4.43) of fou only involves the operators ay ,,(2).

As one of the central approximations of NRG, the following replacement is now
made [KmWWa80al:

AP (2) = 000 0nr0 Abygo,(2) - (4.50)

mnn’p

Starting with the definition (4.49), we find:

fjfn(z) dff’}/ﬁ(f)

T o Q) (45

Afn,u( ) = Azm()(];t(z) =

The substitution (4.50), along with a?, ,(2) = a0, (), leads to the desired approz-

imate discrete representation of Hamiltonian (4.22) for the given twist parameter
z:
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}NINRG ~ Wzgﬁu;,(z) g,ﬂu(z)g‘,ﬁlu(z)
p,m

)2

O'I/V
+ IS Y L5 for + Hup(B),  (4.52)
%

with
Bl o p
iOu = Z W W"llt(z) ,q/,mp,(z) ’
p,m
Br BP Jpp ) dEETH(E
gﬁl#(z) = iAfn,u(Z) _ Tp fI'rn,( ) ,u( ) (4.53)

w

W [ o dCE(Q)

Eq. (4.53) is the “standard recipe” for determining the electron energies WE?, (2)
of the discretized Hamiltonian (cf. Ref. [BCP08]). Apart from the factor Bf, /W,
it amounts to calculating the average “energy” on the interval IP (z) with respect
to the “weight function” £ () defined in Eq. (4.36).

This section might give the false impression that Hamiltonian (4.52) is the result
of a strict derivation. In fact, the substitution (4.50) corresponds to an essentially
uncontrolled approximation. For this reason, the energies that are assigned to
the kept states al, (2) are somewhat arbitrary (note, however, that the choice of
the states ab, ,(z) is not arbitrary). It turns out that the definition (4.53) is not
optimal. In particular, for larger values of A, the presented standard discretization
cannot satisfactorily reproduce the density of states of the electrons (which appears
in the weight function 7% (¢)). For a constant DOS, it has been found that the
coupling parameter J (or, to be precise, each term involving the DOS) has to be ad

hoc multiplied by a correction factor that depends on the discretization parameter
A (cf. Ref. [BCPO0S]):

1A+1
Ap=-——InA. 4.54
A=EGa I (4.54)
This factor appears, e.g., in Eq. (5.20) of Ref. [KmWW80a] and Eq. (3.36) of Ref.
[KmWW80b]. In Ref. [CO05] it is shown for a constant DOS and for A > 1 that
the correction factor A, is necessary in order to correctly reproduce the spectral
density of the operator fo,, which is directly related to the DOS, after z-averaging

(see below). However, for a general energy-dependent DOS, it is not known how
the spectral density of fg, is affected and whether possible deviations can be

corrected by a renormalization of coupling parameters. Superior choices for the
energies WE%#(Z), which alleviate shortcomings of the standard discretization,
are discussed in Secs. 4.5 and 4.7.

Since we are interested in the continuum limit A — 1, it is in principle necessary
to carry out calculations for decreasing values of the discretization parameter and
to perform an extrapolation of the obtained results with respect to A. However,
observables of typical quantum impurity models often display a rapid convergence
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in A. Results for a discretization parameter that is not too large might therefore
already be representative of the continuum limit [BCPO0S].

4.4.2. z-averaging (“interleaved method”)

The parameter z is referred to as the sliding parameter [0094] (see below) or
the twist parameter (for the case of a linear discretization, a certain connection
with the concept of “twisted” boundary conditions is established in [CO05]). The
idea of the so-called z-averaging is the following: Choose a certain number N, of
z-values that are, e.g., uniformly distributed on the interval (0,1]. N, is typically
small when calculating static quantities (e.g., N, = 2 or N, = 4), but can be
considerably larger in calculations of spectral functions (see, e.g., [ZP09]). For
each value of z, i.e., for each discretization mesh, a separate NRG calculation
is carried out and the desired observables are calculated. The results for the
observables are then improved by averaging over all considered z-values for fixed
temperature and magnetic field.

z-averaging is meant to attain a number of related goals:

e It is supposed to smooth or even eliminate artificial oscillations in the tem-
perature dependence of observables at low temperature.

e Furthermore, the method aims at producing results that are more represen-
tative of the continuum limit A — 1.

e In particular, NRG calculations with large values of A (i.e., 3 < A < 10) shall
become more accurate in order to produce meaningful results. Although a
calculation with a large discretization parameter takes one further away from
the continuum limit, it might still be desirable since it is numerically less
demanding.

As regards the artificial oscillations, the influence of the logarithmic discretiza-
tion on the temperature dependence of observables close to the low-temperature
Fermi liquid fixed point of an Anderson impurity model has been investigated in
detail for the impurity contributions to the magnetic susceptibility Ximp [0094]
and the specific heat Cin, [CPLO97] (the concept of an impurity contribution is
introduced in Sec. 4.13.1). It is found that the considered observables have an
artificial component which oscillates as a function of the logarithmic temperature
with period In A and whose amplitude grows with A like exp (—72/InA). The
prefactor of the artificial term depends, among other things, on the observable
under consideration. Whereas the artifact vanishes in the continuum limit A — 1,
it becomes unacceptably large for A 2 3. In the case of an Anderson impurity
model with U = 0, the artifact term Ximp close to the low-temperature fixed point
is proportional to [0094]:

47



4. The Numerical Renormalization Group (NRG)

oo
Ximp X g Qg COS

) (4.55)

k=0

~ Z o, cos(2mz/In A+ 6(z, k) , (4.56)
k

1 In(27[2k+1]) In(ksT/Dy)
<2W[2_2+ In A + InA

with x = ln(kBT/DN) and some energy scale Dy . Since the phase shift §(z, k) is
a linear function of the twist parameter and

1
/dz cos(const. + 2mz) =0, (4.57)
0

an average over all z-values (or all phase shifts) removes the artifact term. Close
to fixed points that can be described by a single-particle Hamiltonian, it is thus
indeed possible to exactly restore the continuum limit by z-averaging [0094].
Note, however, that in general z-averaging cannot reinstate the true continuum
limit A — 1 [BCP08]. One has to accept that NRG results might show systematic
deviations that cannot be completely eliminated, neither by increasing IV, nor by
reducing A [ZP09]. Nevertheless, the quality of the discretization certainly affects
the severity of the artifacts [ZP09]. Ref. [Zit11b] suggests to use N, = 2" in order
to smooth higher-order oscillations with period up to nln A.

As a further illustration of the idea behind the z-averaging, we now discuss the
effect of the “sliding parameter” z on the logarithmic discretization mesh defined
by Egs. (4.32) and (4.33). To this end, the z-dependence of the positive intervals
I (2), I}(2), and I _,(z) is depicted in Fig. 4.3 (analogous conclusions apply
to the negative integration range). As shown in Fig. 4.3 (a), the width of the
outermost interval I (z) shrinks to zero when z is decreased from one to zero.
Furthermore, the intervals I} (z) with m > 1 move outwards upon decreasing z
(see Fig. 4.3 (b)). In particular, we have

I;U

m—1

(z=1) = I (2=0). (4.58)
The z-dependence of the discretization mesh as illustrated by Fig. 4.3 (b) is the

reason why z-averaging is also referred to as the “interleaved method”. It has
important consequences for the parameters Aﬁw(z) that appear in the discretized

Hamiltonian (4.52). In case of a constant DOS, the quantities

v (o EEVRE)  fip oy dEETE
S €N i 60 €y (459)

AL (2)] = - -
H p = const. f[f;?(z) dg Vﬁ(g) fbpn(z) dC ’Yﬁ

just correspond to the centers of the intervals I2,(z). As Fig. 4.3 (¢) demonstrates,
the parameters A}, (z) cover the whole integration range without overlap for
continuous z-values from the interval (0, 1]. z-averaging therefore represents a way
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(a)
A2 A0=1
: | A=2
z = z=1/2 —
| 1 | / _______________ f'>| 0 p = const.
L |
I 1
A1 A0=1
(b)
A—O—m A707m+1 A—O—m+2
L |
z=1 z - 0 z=1 z - 0
— : -
| | |
A—l—m Aflan»l A—l—m+2 Aflfm,+3
(c) A3, (z=1) A3, (2=0) Ag, (z=1) Ay, (2=0)
— : -]
| | | |
A3 A2 AT 1
Figure 4.3.: Hlustration of the effect of the “sliding parameter” z on the logarithmic

discretization mesh defined by Eqgs. (4.32) and (4.33). The interval
widths are true to scale for discretization parameter A = 2. (a) z-
dependence of the outermost positive interval I (). (b) z-dependence
of two adjacent intervals I}, (2) and I} | (z). (c) 2-dependence of the
average “energies” At (2) defined in Eq. (4.51), shown for the case
of a constant density of states of the electrons, for the three outermost

intervals I (2), I} (2), and I (2).
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to sample electronic “energies” from the whole integration range by considering
different “interleaved” discretization meshes.
In the case of non-interacting electrons with the Hamiltonian

H=> ercher, (4.60)
k

the partition function is multiplicative and the thermodynamic potential thus ad-
ditive with respect to the single-particle modes k. A thermodynamic observable
O (as a derivative of the thermodynamic potential) can then also be written as
the sum over contributions from the different modes:

0=> 0. (4.61)
k

In the non-interacting case, z-averaging effectively corresponds to a sampling of
the sum on the right-hand side of Eq. (4.61) and can therefore, in principle, restore
the continuum limit. However, for an interacting system, observables are in general
non-additive with respect to single-particle states. Even a continuous z-averaging
is therefore only an approximation and cannot fully reinstate the continuum limit.

4.5. Logarithmic discretization Il: Improved
discretization by Campo & Oliveira

Campo and Oliveira have proposed an alternative scheme for the logarithmic dis-
cretization in Ref. [CO04]. Their improved discretization is explained in detail in
Ref. [COO05].

In the standard discretization as discussed in the previous section 4.4, the choice

of the “energies” (4.53) for the states ab, ,(z) appearing in the discrete Hamilto-

nian (4.52) (i.e., the assignment of an energy to an interval I? (z)) is somewhat
arbitrary (the kept states, on the other hand, are determined by the form of the in-
teraction between electrons and impurity spin according to Egs. (4.22) and (4.43)).
As already mentioned, the standard discretization leads to an erroneous represen-
tation of a constant density of states of the electrons that has to be “repaired” by
a multiplication of the coupling parameter with the correction factor A, from Eq.
(4.54) [BCP08]. Even worse, such a renormalization factor is not available for the
case of a general DOS. Furthermore, despite z-averaging, the standard discretiza-
tion produces results with inferior convergence in A (see Fig. 1 of Ref. [COO05]
and Fig. 11 of Ref. [ZP09]), ruling out the use of large discretization parameters.
A better logarithmic discretization of the continuum of electronic states is thus
desirable. To this end, energies that differ from those defined in Eq. (4.53), and
which turn out to be more suitable, are assigned to the intervals I?, (z).

When using the improved discretization by Campo and Oliveira, everything
is done as before, up to and including the definition of the zeroth “wave func-

tions” ¢}, (2,§) in Eq. (4.39) with the corresponding operators a},,(z) from
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Eq. (4.41). The difference compared to the standard discretization is the way in

which the new basis {a?,,,,(z)} is constructed on each interval 7, (z). The first (ze-

roth) element ay , (z) of this basis again corresponds to the function ¢} ,,(z,£).
However, this time we demand that the complete set of functions ¢, ,(z,§) be
orthonormal with respect to a modified scalar product involving a (still unknown)
positive weight function g}, ,(2,€) [CO05]:

/Ip( )dg wmnu(z 5) gmp,( 5) @mn M(Z g) - 67171 N (462)

For a non-constant weight function, this relation implies that the wave functions
©F o (2,€8) = (€8], (2)) are no longer orthogonal with respect to the canoni-
cal scalar product that is used in the standard discretization. Furthermore, they
are not properly normalized for n # 0. This means that the corresponding opera-
tors

a?, (2) = / PREAERG (4.63)

do not satisfy standard fermionic anticommutation relations for n # 0. However,
since the functions ¢? u (2,€) and thus also the operators al , M(z) are unchanged,
we still have {a? ,,(2), gfnToy (2)} = Opp GOm0 as before. The orthonormality
relation (4.62) and the expansion (4.63) give the corresponding inverse transfor-

mation [CO05],

=D 926 i (2.6) @hn(2) for €€ Ih(2), (4.64)

which is then used to deduce the following exact representation of Hamiltonian
(4.22) in terms of the new basis {amnu(z)}:

Hxre = WZ WuAfnnnu )aﬂw(z')gﬁm/“(d
e
+ JS- Zfoﬂ =" fov + Hinp(B) , (4.65)
with
B = [ R O, (O (O eo)

The purely electronic term in Hngrg is again non-diagonal. The idea of the
improved discretization scheme is to choose the weight functions gf’n#(z, £) in such
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a way that the different states a},, ,(z) on the same interval I} () are formally
decoupled in the Hamiltonian [CO05], i.e., we need to have:

'qunn H( ) X 6nn’ . (467)
According to the definition (4.66) and the relation (4.62), the choice [CO05]
AP
ghu(2,8) = mg(z) for &€ P (z) (4.68)
produces the desired result, i.e.,
AL (2) = A (2) - (4.69)

Note that the parameters A{’n#(z) still have to be determined. With the definition
(4.68), the expression (4.65) for the Hamiltonian is further simplified:

HNRG =W E HA%@;L( )aﬂnp(z)gfrmu(z)
p,m
),

+JS- Zf(m 2 fou + Hinp(B) . (4.70)

"R%

Although the electronic term in Hamiltonian (4.70) is formally diagonal on the
operator level, one has to keep in mind that the chosen wave functions are not
orthonormal with respect to the canonical scalar product. For this reason, the
states aP, ., (z) with n # 0 still indirectly couple to the impurity spin. As one of the

~mnp
central approzimations of NRG, only the state with n = 0, i.e., ab, () = a},0,(2),
is kept on each interval I7,(z). Using the definition of ¢}, ,(2,&) from Eq. (4.39),

the parameters ﬂfr’n# (2) are then determined by Eq. (4.62) with n = n’ = 0 [CO05],

(4.68) ~
[, %l 0P, 2 e [ lehaf =1,

(4.71)
which has the solution [CO04, COO05]:

fIP (2) df’Yﬁ(f)
Jrs0) TC)

m

Ap(2) = (4.72)

This expression for the parameters is to be compared to the result (4.51) which
is found in case of the standard discretization. Neglecting all states with n # 0
[CO05], the improved discretization scheme by Campo and Oliveira leads to the
following approzimate discrete representation of Hamiltonian (4.22) for the given
twist parameter z:
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IjNRG ~ Wzg%u(z) gﬁu(z)g%u(z)
p,

w
t Ouv
+ J'/SZIpM 2 £0V + gimp(B), (473)

2214

with
BL . »
iOu = Z WWmM<Z) gmp,<z) ’
p,m
_ By BP J o,y dEVE(E
ggw(z) = WM“A%N(Z) — iflm() u( ) (4.74)

A TAGE

Compared to Eq. (4.52), which results from the standard discretization, different
energies are assigned to the states al, ,(2).

Using the standard discretization for a constant DOS, a complete set of orthonor-
mal functions can be obtained by constructing a Fourier series in the variable &
on each interval I? (z) [Wil75, KmWW80a]. In case of the improved discretization
and a constant DOS, the relation (4.62) with the weight function (4.68) is instead
fulfilled by a Fourier series in the variable In & [COO05]. It can then be shown that
the overlap of the zeroth mode ‘P%ou(z,f) and the remaining modes goﬁmﬂ(z,ﬁ)
with n # 0 vanishes in the continuum limit A — 1, so that the functions become
orthogonal with respect to the canonical scalar product [CO05]. In particular,
neglecting the states with n # 0 in Eq. (4.73) thus becomes exact for A — 1.

For a constant DOS and arbitrary discretization parameter A > 1, the improved
discretization by Campo and Oliveira gives, after z-averaging, the correct contin-
uum result for the spectral density of the operator fo, over the whole energy

range without the two intervals that directly border on the positive and nega-
tive band edge, respectively (see below) [CO05]. An ad hoc renormalization of
coupling parameters as in the standard discretization is therefore not necessary.
However, it has been found for a constant DOS that the spectral function of fq,

is mot correctly reproduced on the energy intervals [W(l — A‘l) /InA, W] and
[—W,—W(1—A"1)/InA] [ZP09]. This shortcoming is finally solved by the lat-
est discretization scheme proposed by Zitko and Pruschke [ZP09, Zit09]. Their
approach to the logarithmic discretization of the continuum of electronic states is
described in Sec. 4.7.

For large values of the discretization parameter such as A = 10, the improved
discretization has been found to give much better results than the standard dis-
cretization [CO04, CO05]. For example, the convergence of the results in A to the
continuum limit A — 1 is faster (see Fig. 11 of Ref. [ZP09]) and fewer numer-
ical artifacts are observed (for an extreme example, see Fig. 1 of Ref. [COO05]).
However, different observables can have different requirements regarding the qual-
ity of the logarithmic discretization. For example, it is considered more difficult

to obtain good results for the specific heat than, say, the magnetic susceptibility
[CPLO97, CO05, BCPO0S|.
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4.6. Excursus: Continuum result for the spectral
density of the operator f,

It turns out that the logarithmic discretization of the continuum of electronic
states can be further improved by requiring that the discrete approximation to
Hamiltonian (4.22) without impurity reproduces the spectral density of the opera-
tor fo, as good as possible with the chosen set of electronic states {gfnu(z)} after
zZ-averaging.

For this reason, we first introduce the concept of spectral densities (also called
spectral functions) in this section and then derive the exact continuum result for
the spectral density of the operator fo, from Eq. (4.20) (with respect to the non-
interacting electron part of the full problem) by using the one-particle spectral

function of the ideal fermionic quantum gas. The introduction to spectral densities
is based on appendix B of the book [NR09].

4.6.1. Spectral densities

Let us consider the grand-canonical ensemble of statistical mechanics with the
density operator

e—ﬁifcc
PGC = s 4.75
p o (4.75)
where we have introduced the partition function
Zac = tr (e_BI;IGC> R (476)

with Hgc defined in Eq. (2.16), and the standard abbreviation 8 = 1/kgT.
Thermodynamic expectation values are then calculated with respect to the density
operator in the usual way:

(4) =tr(pac ) . (4.77)

Measuring time in units of & (i.e., 7 = t/h), we furthermore define time-dependent
operators in the Heisenberg picture [NRO9]:

A(r) = ' THee g THee (4.78)

For the calculations, let us assume that we have a discrete orthonormal eigensystem
of H GC-
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<En‘Em> = dnm , (4.80)
> B ) (Ea| = 1. (4.81)

With these prerequisites, the spectral density (or spectral function) of two (fer-
mionic) operators A and B is defined as [NR09]:

San(r,7') = 5-({A(), B} ) = San(r — 7). (4.82)

Here, we have assumed that the Hamiltonian does not explicitly depend on time.
This causes the spectral density to be homogeneous in time. In the following,
we are interested in the energy representation of the spectral density, which is
obtained by means of a Fourier transformation [NR09]:

oo

Sap(E) = / Ad(r = 7)Sap(r — 7)) (4.83)

In order to illustrate the meaning and importance of S4p, which might be
clouded by the abstract definition (4.82), we now derive the spectral representation
of Syp(E) with respect to the above eigensystem {|E,)} of Hgc. Using the

identities (cf. Ref. [NR09])

Zoc (ADB()) = 3 8 (5, [ BB, ) (B 4| B, En B0 (450)

Zac (BIIAW)) = e (Bal Bl Ew) (Bn| A]Ea) BB | (4.85)

)

and an integral representation of the delta function,

5(z) = / d¢e?mise (4.86)

Eqgs. (4.82) and (4.83) can be combined to give the spectral representation of the
spectral density:

Sap(E) =
1
Zac i

(En|B|En)(Em|A|Ey) e PP (P + 1) §(E — (En — En)) . (4.87)
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4. The Numerical Renormalization Group (NRG)

This equation simplifies in the limit 7" — 0 or § — oco. With the energy FEj of
the groundstate and its degeneracy gg, we obtain the following expressions for the

zero-temperature spectral density, which might be more familiar than the definition
(4.82):

Sap(T=0,E<0)=

1
— Y (Buo|BlEm)(Em| A Eng) 6(E = (Eny — Em))
90
{no},
m ¢ {no}
(4.88)
Sag(T=0,E>0)=
1
S (Bl Bl 4]0 (8 (5~ E)
{mo},
ng {mo)

(4.89)

{mo} or {ng}, respectively, is the set of indices labeling states with the groundstate
energy FEy, i.e., E,, = Ey and E,,, = Ej.

As seen from the spectral representation (4.87), the spectral density is an im-
portant quantity since it contains information about all energy spacings in the
spectrum of the Hamiltonian Hgc and about the matrix elements of the oper-
ators A and B with respect to the eigenstates of Hgc. Combining the spectral
representations of the correlation function from Eq. (4.85) and the spectral density
from Eq. (4.87), the spectral theorem [NRO9] is obtained:

Sap(E BT
(B( /dE eﬁE+1 B(r'=m) (4.90)

It shows that a suitable spectral density allows to calculate two-point correlation
functions and (equal-time, i.e., 7 = 7’) expectation values. In particular, the one-
electron spectral function (note that the notation is simplified in the following by
removing the redundant information about B = éf),

S..(EY=S._ :(F), (4.91)

Ck Ck

can be used to calculate < Lck> = <7;Lk>7 which gives the Fermi-Dirac distribution.

4.6.2. One-electron spectral density of the ideal Fermi gas

We now derive the expression for the one-electron spectral density S, (F) of
the ideal (non-interacting) Fermi gas. Normally, one would use the formalism
of Green’s functions to calculate this quantity (see, e.g., App. B of Ref. [NR09]).
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4.6. Excursus: Continuum result for the spectral density of the operator fo,

However, here we only use the definitions (4.82) and (4.83) in order to keep the
discussion conceptually simple.

Let us consider “spinless” non-interacting fermions with the one-particle Hamil-
tonian

Hac =Y (Ek — fehem) CLCk - (4.92)
k
With the definitions
(XYl = X XY, 4.93)
(X.], = Y. 1.94)
and the identity
4.5C) = {48} C - B{AC), (4.95
we find:
[g%gk,gk]m =(=1)"cp for m=>0. (4.96)
The Hadamard lemma,
|
Z — [Xx,Y], | (4.97)
: m ~ N

then allows us to obtain the destruction operator in the Heisenberg picture:

itH —itH
cr(r) = €77 ¢pe” TREC
— elT(Ek ltchem)ckg Cke_lT(Ek Mchem)skgk
00 4.98
= gk i — iT(Ek - Mchem) " ( )
m!
m=0

— e_iT(Ek_Hchem)ck .
From the last equation, it follows that

{cr(r), ch(r)} = e7HEnmpanem)(m=r) (4.99)

which directly gives the one-electron spectral density for arbitrary temperature
T>0:

1 1 . ,
S, (r—1") = 2—<{ck }> = geﬂ(srﬂchem)(PT) . (4.100)
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4. The Numerical Renormalization Group (NRG)

With the integral representation (4.86) of the delta function and the identity
0(ax) = d(z)/|a|, the energy representation of the one-electron spectral func-

tion for arbitrary temperature can be obtained by a Fourier transformation (cf.
the result in App. B of Ref. [NRO09]):

7 1 . .
Se,(E) = / dz - e 1Sk mHenem)z Q1B (4 107)
= 0(E — (e — Hehem)) - (4.102)

4.6.3. Spectral density of fg,

Let us now return to the original problem, i.e., to the calculation of the (non-
interacting) spectral density of the operator fo, defined in Eq. (4.20):

Sto (T —=7) = %<{£ON(T)7£(§M(T’)}>. (4.103)

By comparing the interaction terms in the Hamiltonians (4.22) and (2.17) (also
note Eq. (2.14)), we see that, in the original discrete representation, the state fo,,

can be written as:

(4.104)

1
fou = 75 2 thu

Generalizing the result (4.98) for the “spinless” Fermi gas to the spin-dependent
case with the one-particle Hamiltonian

Hge = Z (€ku - Mchem)g};ﬂgku ) (4.105)
k,u

the operator fo, in the Heisenberg picture is obtained:

1 1 .
Foulr) = —= 3 cau(r) = — S e mebu o) g, (4.106)
Lo = 2 VI 2

This result gives us the anticommutator,

1 —i(e _ p——
{foum), fh, ()} = 73 S a7 (4.107)
k
and thereby the spectral function for arbitrary temperature:
1 . ,
— 1 = _1( n—Hc em)(T_T )
SfO/,L (T T ) - 27T Ld ;e ke Fech . (4108)
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4.7. Logarithmic discretization III: “Optimal” discretization by Zitko & Pruschke

Finally, by Fourier transformation and comparison with the definition (4.6) of the
density of states p(¢), we find the ezact continuum result for the energy represen-
tation of the spectral density of the operator fo,:

Sfo, (E) % > 6(E = (Ekp — Hehem))  (4.109)
k

= p(E — ph+ pchem) - (4-110)

In an exact calculation, the non-interacting spectral function of the operator fo,

is thus equal to the density of states of the conduction electrons for arbitrary
temperature (taking into account the chemical potential and the magnetic field).

4.7. Logarithmic discretization Ill: “Optimal”
discretization by Zitko & Pruschke

Compared to the standard discretization, the improved discretization by Campo
and Oliveira [CO04, CO05] leads to results with a superior convergence in A. For a
constant DOS [CO05] and a semi-elliptical DOS (see Fig. 6 of Ref. [ZP09]), it has
furthermore been shown analytically that an ad hoc renormalization of the coupling
parameter is no longer necessary in order to give the correct value of the DOS at
the Fermi level. However, even for a constant DOS, the improved discretization
by Campo and Oliveira cannot correctly reproduce the spectral density of the
operator fo, over the whole energy range (see Fig. 5 of Ref. [ZP09]). In addition

to numerical artifacts at low energies (see Fig. 4 b of Ref. [ZP09]), there are
in general pronounced band edge artifacts which appear at energies close to the
half-bandwidth W.

In order to further improve the logarithmic discretization of the continuum
of electronic states, Zitko and Pruschke [ZP09] have introduced an alternative
scheme for determining the energies that appear in the discrete approximation to
Hamiltonian (4.22), which was subsequently extended by Zitko [Zit09]. Despite the
“derivations” presented in the previous sections 4.4 and 4.5, the assignment of an
energy to an interval according to the prescriptions of the standard and improved
discretization is at least somewhat arbitrary. As a superior alternative, Zitko and
Pruschke have proposed to choose certain energies in order to “optimally” describe
the interaction between electrons and impurity spin using a discrete approximation
to Hamiltonian (4.22). To this end, an energy is assigned to each interval in such
a way that after z-averaging the exact result for the spectral function Sy, ()
from Eq. (4.110) is reproduced as good as possible. This approach is intended to
provide a discrete approximation that accurately describes the properties of the
state fo, and thereby also the interaction between electrons and impurity. For an

energy-dependent DOS, the logarithmic grid may now differ from the one defined
by Eqgs. (4.32) and (4.33). The full version of the new discretization scheme makes

99



4. The Numerical Renormalization Group (NRG)

use of an adaptive logarithmic grid that can be optimized to take into account the
particular energy-dependence of the DOS [Zit09)].

For the chosen twist parameter z and a given division of the integration ranges
in Hamiltonian (4.22) into intervals, we proceed as before by selecting the known
state ab, (2) from Eq. (4.41), using the weight function (4.39), on each interval

I7,,,(2). Recall that the choice of these particular states is not arbitrary since they

allow for an exact representation of the operator fo, according to Eq. (4.43). As
one of the central NRG approximations, Hamiltonian (4.22) is then again reduced
to the set of new states {gf,’,w(z)} (cf. Egs. (4.52) and (4.73)). However, now we
want to choose the intervals I},  (z) and the energies ng’w(z) that are assigned
to them in an “optimal” way.

For given twist parameter z € (0, 1], a discretization grid with intervals 17, ()
is defined by points =P, (2) (cf. Fig. 4.2) [Zit09]:

=
IE(z) = [Eh,.(2), Eh.(2)] with m>0, (4111)
I.,2) = [Enu(2), Eny1,(2)] with m>0. (4.112)

This discretization mesh has to satisfy some basic requirements [Zit09]:

E(—)i_p(z) =1 ’ Ejr_L+1/L(Z) < Ej):zu(z) I rr%l—%noo EnJrfL,u(Z) =0 ’ (4113)
Eon(2) =1, En.(2) <Enyu(z), lim E,,.(2)=0. (4.114)

Since we still aim at an arbitrarily high energy resolution close to the point £ = 0,
i.e., around the Fermi energy, we introduce the discretization parameter A > 1
and require the same asymptotic dependence of the grid points on m as in the
standard discretization (cf. Eqs. (4.32) and (4.33)) [Zit09]:

EF ()~ AT™ for m>1, (4.115)

Smp

Eou(z)~ =A™ for m>1. (4.116)

mp

As illustrated by Fig. 4.3, the following “continuity conditions” have to be addi-
tionally fulfilled to allow for a meaningful z-averaging [Zit09)]:

(1]

Eu(2)=1 Vz, Ef,0)=E2F.1) VYm, (4.117)

Eu(z)=-1Vz, E,..01) =E,.,,0) Vm. (4.118)

To each interval 17, (2) a (yet unknown) representative dimensionless parameter

Aﬁm(z) is assigned. For a meaningful z-averaging, these parameters have to cover
the whole integration range in Hamiltonian (4.22) when the twist parameter is
continuously varied between 0 and 1 (cf. Fig. 4.3 (c)) [Zit09]:
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A3 (0)=1, Af (0= A (1) Vm, (4.119)
A, (0)=-1, A1) =A.,,0) Vm. (4.120)

Keeping the state af, () defined by Eqs. (4.39) and (4.41) on each interval I},  (2)

as before [ZP09], we obtain the following discrete approximation to the conduction
band Hamiltonian (cf. the terms appearing in Eqs. (4.52) and (4.73)):

Hep(2) = WZ ”Ap aﬂu(z)aﬁw(z) (4.121)
= WZE};M ) a®l,(2)ak,,.(2) . (4.122)

Furthermore, there is the special state from Eq. (4.43) that directly couples to the
impurity spin. Defining

B? (4.36)
P = _HFpp = p
wmu(z) - W Wmu(z) (437) /IgL“(Z) dg ’Yp, (é‘) ) (4123)

it has the following expansion [Zit09]:

iof‘ = Z v/ whu(2) gﬁm(z) ) (4.124)

As the next step, the z-averaged spectral density of the operator f, with respect

to Hamiltonian (4.122) is calculated using results from the previous section 4.6:

aﬁm(z, 7') = eiTtICb(Z)Ngw( ) eiiTIN{Cb(Z) (4'125)

I A NC )afn,u(z) , (4.126)

(a2, (zm) all (2 )} U2 e WELL @] (4.127)
@100 o, Sat (2T = 7). (4.128)

Paying attention to the codomain of the energies WEP, . (#), a Fourier transforma-
tion 7 — & (cf. the definitions (4.8) of & and (4.14) of BE, and the result (4.102))
then gives:

Sar, () (E) = 6(6 = WEE,(2)) . (4.129)
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Using the representation (4.124) and the additivity of the contributions from the
different states in the non-interacting case expressed by Eq. (4.109), we finally
obtain:

Sfo, (2,€) Zw §(e—-WEP ,(2)) . (4.130)

For the one-particle Hamiltonian (4.122), a continuous z-averaging restores the
continuum limit,

S (2 /dzsfo 2 8) /dsz SE-Wer,(2).|  (131)

so that we can compare with the exact result for the spectral density from Eq.
(4.110) (using fichem = €F as before):

Shact(&) = p(é — ph +er) . (4.132)

In order to make contact with the discretization grid introduced at the beginning
of this section, let us go back to the variables ﬁj and {, that appear in the
dimensionless representation (4.22). For example, using the definition (4.15) and
setting £ = &7, we have for & > 0:

WHph—erp 1 1

42 §5@) = [ aeBE pletiy - er) = [ e Soe) . ()

0 0 0

A comparison with the definition (4.36) shows that in an exact calculation the
following equalities hold:

Fp(EBY —phtep) =7f(€) . for £€>0 (4.134)
y

B
Sexact — o .
o (&) {Bu p(EB, —ph+cep) =~, (&) , for £€<0

We are now ready to formulate the central requirement of the alternative dis-
cretization by Zitko and Pruschke: After a continuous z-averaging, the exact
continuum result for the spectral density of the operator fo, shall be recovered

[ZP09, Zit09]:
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Sp (&) = BLSy,, (€8D) (4.135)

_ / A3 wh, () 6(€ — WER,(2)/Bn)  (4.136)
0 p,m N—

=A% (2)

v, (§) , for £<0’ (4.137)

* {7;(5) , for £€>0

By using an identity for the delta function,

df (=)

xT

5(f(x)) = Z ’5(‘%_”) (4.138)
i |7a

)
Tr=x;

which holds for a function f(x) that only has simple roots x;, the delta function
can be eliminated from Eq. (4.136) (cf. Ref. [Zit09]):

. wh ()
SfOu (5) = ((_p) dt%ﬁlu(z)
dz

(4.139)

) pym,z:
f:Afnu(z)

Note the following two points:

e We have assumed that Afnu(z) is monotonically decreasing (increasing) as
a function of z for p = + (—). According to the basic requirements for the
discretization grid from Egs. (4.113) and (4.114), AP (2) is furthermore
monotonically decreasing (increasing) as a function of m for p = + (—).

e In combination with the continuity requirements from Eqgs. (4.119) and
(4.120), this means that the equation £ = ./Zlﬁw (%) has a unique solution for
all & € [-1,1] (i.e., the indices p and m, and the twist parameter z, are
uniquely determined).

For a solution of Eq. (4.137), it is convenient to change to a “continuous index-
ing” [ZP09, Zit09]:

‘xzm—!—z = JCG(0,00),‘ (4.140)
Ehu(z) = Eh(@), Ab,(2) = Ab(z), wh,(2) — wi(z). (4.141)

According to the requirements formulated at the beginning of this section, the
functions =P (z) and AP () are assumed to be monotonically decreasing (increas-
ing) for p = 4 (—), and they have to respect the following boundary conditions:
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=+ — ; =+ —
Ey(r)=1 for z€(0,1], Jim =/ (z) =0, (4.142)
E,(r)=~-1 for z€(0,1], Jim =/ (z) =0, (4.143)
A () — o At (r) =
ilgb Aj(@z)=1,  lim Af(z) =0, (4.144)
;ii% A (x)=-1, lim A (z)=0. (4.145)

Since the functions Aﬁ (x) are bijective, we may introduce (well-defined) inverse
functions R, (£2) [Zit09)]:

RL : RE(AP(x) ==, (4.146)
G(RLEL) =€ (4.147)
Ab(z) =€ = x=RL(&). (4.148)

Using the continuous index = and the inverse functions R (§), Eq. (4.139) can be
written as:

_ P
Sfou(g): ( wud(jl_cg(z)

(-p) D) —

According to the requirement (4.137) for the spectral density, we thus have to find
a solution AP (), respecting the boundary conditions (4.144) or (4.145), respec-
tively, to the following ordinary differential equation (ODE) (cf. Refs. [ZP09] and
[Zit09)]):

(4.149)

k) G (4.150)
((-n)*42) e
z=R}(§)
with
= (2)
wh(e) “EY dCR(0) - (4.151)
Eh (z4+1)

By including the point z = 0, this ODE is then cast into the final initial value
problem with an additional boundary condition for  — oo [ZP09, Zit09]:
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= (a41)
_ Jd¢qa(Q)
A4 () = % for z€]0,00), (4.152)
dz Vi (AL ()

with AJ(0)=p and lim Af(z) =0.

Before Eq. (4.152) can be solved, we need a solution for the discretization grid

ZP () for # > 1. The standard grid with Zf ,(z) = p and =5, (z) = p A" for

m > 1 (cf. Egs. (4.32) and (4.33)) corresponds to the following solution for =5 (z):
_ _ P , for ze€(0,1]

2P (x) =2P(x) = . 4.153

u(®) (z) {pAl_z , for ze(1,00) ( )

Because of the desired asymptotic behavior of the grid, we use the ansatz [Zit09)]
= — 1—z
=0 (x) = fh(x) A for z€[1,00), (4.154)

and require for the corresponding ODE [Zit09):

dEfL(x)
dz
with a function ®F of our choice. Since dA'~*/dz = —In(A) A'~*, the desired
asymptotic behavior of ZF () is obtained if

=—In(A) A" @ (2, 2P (), A) (4.155)

>0 , f =
lim ®F (z, 2, A) = const. or p=+ . (4.156)
éﬂ_) ey <0 , for p=-—
Possible choices for the function ®F (a;, gF, A) are:
I (a:, =P, A) = p leads to the standard discretization grid (4.153).
2. For an adaptive discretization grid, we may use [Zit09)]
o]
(I)z (x’ :ﬁ, A) = W 5 (4.157)
T (Hu)

with a constant of,. The idea behind this ansatz is the following: If 77 (Eﬁ) is
small (i.e., if the density of states is low), ‘@ﬂ} and thus also |dEZ/dx‘ become
large. As a consequence, there is a fast decrease of ’Eﬁ(z)| for increasing z,
which leads to larger intervals ¥, (z), and therefore a coarser discretization,
in energy regimes with low density of states. The choice (4.157) for or
results in the following differential equation for the discretization grid:

d=P () ab
L = _In(A) AT for z € (1,00). (4.158)
d e AGCAC))
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Separation of variables and integration of 4% (Z£)d=E = —af In(A) A" dx
gives (cf. the result in Ref. [Zit09]):

af, = /dfvﬁ(ﬁ) . (4.159)
0

For a constant DOS, the choice (4.157) therefore corresponds to the first

possibility, i.e., ®F (x7 g, A) =p.

For actually solving the differential equation (4.152), it is convenient to use an
ansatz for A (z) analogous to Eq. (4.154) [ZP09, Zit09]:

Al (z) = gﬁ(m)Al_m for x€0,00). (4.160)

Inserting the definitions (4.154) and (4.160) into the corresponding ODE, the fol-
lowing two initial value problems are obtained (cf. Ref. [Zit09]):

d P
D ) (F0) ~ @ N A)) for w100
with f2(1)=p, (4.161)
EP (z+1)
d¢~A(¢)
dgi(@) _ In(A) g% (z) + 5;{@ i for € [0,00)
da # A== Af (gh(x) A=) ’

with g5 (0) =pA~". (4.162)

In a numerical solution, it has to be taken into account that the differential equa-
tions for ff(x) and g, (z) are stiff [Zit09, ZP09].

In summary, the alternative discretization by Zitko and Pruschke leads to the
following discrete approzimation to Hamiltonian (4.22) for the given twist param-
eter z:
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IjNRG ~ Wzg%u(z) gﬁu(z)g%u(z)
p,

12

i Ouv
+J§';£O/LTM£OD + glmp(B) 5 (4163)
with
By
Jou =D\ 37 Whn(2) (=)
p,m
Bﬁ _
571;74‘«(2) = W Agn,u(z) )
and

AP () as obtained from the solution flﬁ(m)
of Eq. (4.152) for the chosen grid =/ (z)

(using x =m + 2) .

Note that the use of the “optimal discretization” does not make NRG an exact
method (to begin with, it is not possible to carry out the continuous z-averaging
that is done in Eq. (4.131) in an actual calculation). The obtained results will
therefore still suffer from artifacts. However, the alternative discretization by Zitko
and Pruschke can be expected to alleviate them [ZPOQ, ZitOQ]. For example, the
non-interacting spectral densities of fo, in case of a constant DOS (see Fig. 7 of

Ref. [ZP09]) and a semi-elliptical DOS (see Fig. 9 of Ref. [ZP09]) are significantly
better reproduced. Furthermore, the discretization by Zitko and Pruschke leads
to even better convergence in A than the improved discretization by Campo and
Oliveira (as, e.g., demonstrated in Fig. 11 of Ref. [ZP09]).

If the DOS features large and rapid variations, it might be a good idea to use
an adaptive discretization grid [Zit09]. The problems in reproducing the spectral
density of fo, are apparently especially severe if the DOS is small or even zero

over an extended energy range (see Figs. 1 and 2 of Ref. [Zit09]). For a further
improvement of the obtained results, one can try to optimize the discretization
mesh through the choice of the function ®F, (for a few ideas, sce Ref. [Zit09]). It
might also be possible to remove some of the remaining artifacts by averaging over
results for different values of the discretization parameter A (this has been done
in Ref. [CO04], as stated in Ref. [CO05]).
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4.8. Parameters of the logarithmically discretized
Hamiltonian for a constant density of states

In case of a constant DOS (i.e., p(g) = p), the expression for the “weight function”
75 (§) from Eq. (4.36) simplifies:

\’vﬁ(f) =7, =pB} \ (4.164)

In the standard discretization, the parameters Afn#(z) appearing in the loga-
rithmically discretized Hamiltonian are calculated according to Eq. (4.51). For a
constant DOS, this equation reads as

)96
A (2) = AL (2) = = —— (4.165)
' Jiz 2y ¢
and leads to the following results (cf. Ref. [YWOO90]):
Af(z)=-Ag(z) = Z(1+A77), (4.166)

Al (2)=—A,(2) = Z(1+A)A™ for m>1. (4.167)

N~ N~

On the other hand, when using the improved discretization by Campo and
Oliveira, the parameters AL  (z) are obtained from Eq. (4.72). In case of a
constant DOS, this equation simplifies to

T - Jiz )€

o d¢
flfn(Z) ¢

giving (cf. Ref. [CO05]):

~ ~ 1-A*

A (2)=-Ag(2) = T (4.169)
~ ~ 1—At
Al (2)=-A,(2) = oA A'TFT for m>1. (4.170)

Finally, in order to determine the parameters ft{’,m(z) that are used in the al-

ternative discretization scheme proposed by Zitko and Pruschke, we have to solve
the differential equation

B EL(z+1)
dA?
% — d¢ = Eh(z+1)—Eb(2) for z€[0,00), (4.171)
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which results from Eq. (4.152) if the DOS is constant. Taking the solution =7 (z) =

EP(x) for the standard discretization grid from Eq. (4.153), the following two
differential equations are obtained:

d“‘i(x) =p(A"=1) for z€[0,1], (4.172)
% =p(l1-A)A™" for z€[l,00). (4.173)

Both equations can be solved consecutively by separation of variables. With the
initial values AP(0) = p and AP(1) = p(1 — A7')/InA (the latter is calculated
from the solution of the first equation), we find:

- 1—A""
p — —
A(m)p(l Tt

. 1—A1
A(r) =p A

) for z€1]0,1], (4.174)

x

for xe€l,00). (4.175)

Replacing the continuous index x = m+z, these solutions correspond to the follow-
ing parameters of the logarithmically discretized Hamiltonian (cf. Ref. [ZP09)]):

_ _ 1— A2

AT (2) = -A;(2) = i Tl (4.176)
A -1

AL (2) = —A, () = % ATETT for om >1. (4.177)

Compared to the improved discretization by Campo and Oliveira, only the parame-
ters AP (z), which are assigned to the outermost intervals I%(z), are modified. This
result seems plausible since the discretization by Campo and Oliveira already cor-
rectly reproduces the non-interacting spectral density Sy, (&) for a constant DOS
and arguments £ € [ZI(O), At (0)] = [A](0), A] (0)] [COO05, ZP09]. Moreover,
note that the discretization schemes by Campo & Oliveira and Zitko & Pruschke
lead to the same parameters in case of a constant DOS and z = 1.

4.9. Tridiagonalization of the discretized

Hamiltonian: Mapping to the “Wilson chain”
With each of the approximations (4.52), (4.73), and (4.163) to the original Hamil-
tonian (4.22), we have a discrete model which could in principle be treated numer-

ically by introducing a finite cutoff my.x for the interval index m. However, such
a truncation would affect the expansion (4.43) of the operator f(, with respect to

the states {gfn N(z)} and therefore also the representation of the interaction term
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in Hamiltonian (4.22) [YWO90]. The quality of the obtained results could then
depend on the coupling strength J, too [YWO90].

For this reason, a standard NRG calculation (called “chain-NRG” [BLTV05)),
takes a different approach. Instead of directly solving the discretized model, an
additional step is introduced in which the discrete Hamiltonian is mapped to a
semi-infinite tight-binding chain with nearest-neighbor interaction and the impu-
rity at the closed end ([Wil75], cf. Ref. [BCPO08]). The zeroth lattice site, to which
the impurity spin couples, is identified with the state fg, in order to preserve an

accurate (and hopefully coupling-strength-independent) description of the inter-
action between impurity and electrons. The resulting Hamiltonian is referred to
as the Wilson chain. As discussed in Sec. 4.9.1, the parameters of the Wilson
chain (i.e., the hopping parameters and on-site energies) have special properties
that arise from the logarithmic discretization of the conduction band and are
essential for a numerical solution of the model. From a mathematical point of
view, the mapping onto the Wilson chain corresponds to a basis transformation
for the electronic degrees of freedom which is ezact and thus does not introduce
any further approximations. In general, it is not possible to carry out the trans-
formation analytically, but the calculation of the parameters of the Wilson chain
can at least be made numerically exact. Once the parameters have been deter-
mined, the Wilson chain is approximately diagonalized by means of an iterative
procedure that is discussed in detail in the next section 4.10. If we only consider
a single spin-projection and impose a suitable ordering of basis states, the matrix
representation of the transformed conduction band in the subspace with a single
electron becomes tridiagonal. Hence, the basis transformation is also referred to
as a tridiagonalization.

On the other hand, if the eigenvalue problem of the discretized Hamiltonian is
directly solved (i.e., no tridiagonalization is performed), the method is referred to
as “star-NRG” [BLTVO05] (since the impurity spin couples to all modes { gfn#(z)}

via the state fo, in a star-shaped graph). In case of star-NRG, an iterative

diagonalization of the discrete Hamiltonian similar to that of the Wilson chain in
the conventional approach can be carried out. For a fermionic bath (corresponding
to the conduction electrons), there are further arguments against using star-NRG
[BLTVO05]:

1. To begin with, chain-NRG is established and works well. Furthermore, it is
not clear whether star-NRG has any advantages in case of a fermionic bath.

2. For a fermionic bath, there are positive and negative energies relative to
the Fermi energy. In case of particle-hole symmetry, one would have to add
two states (a,),,(2) and a,, ,(2)) in each step of an iterative diagonalization
in order to preserve the symmetry. As a consequence, the Hilbert space
would grow by a factor of 16 in each step (as opposed to a factor of 4 when
using chain-NRG, see Sec. 4.10) so that the numerical cost of the iterative

diagonalization would be significantly higher.
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4.9.1. Derivation of recursion relations for the parameters of the
Wilson chain

The hopping parameters and on-site energies of the Wilson chain can be calculated
using a recursive scheme that was introduced for a bosonic bath in appendix A of
Ref. [BLTVO05] and later extended to the fermionic case in Ref. [BCPO0S].

The starting point for the derivation of recursion relations is the purely electronic
term in one of the discrete approximations to Hxrc (cf. Egs. (4.52), (4.73), and
(4.163)) for the given twist parameter z:

Zé’p oﬂ"T (2)ah,,.(2) - (4.178)

Note that here and in the following we use the same notation for the energies
WED () as in the standard discretization, regardless of the discretization scheme
that is actually used in the calculation. We furthermore have the special state fo,

from Eqgs. (4.43) and (4.124),

- B Wou(2) a2 = bl 2) . (@179)

which is assigned to the zeroth site of the Wilson chain. To this end, it is chosen as
the first element of the new basis { f,,,(2) }, whose construction is the topic of this

section. Since fo, mixes electronic states of different energy, Hamiltonian (4.178)

can no longer be diagonal with respect to the new basis. A nearest-neighbor
interaction is thus “the next best thing”.

The input to the tridiagonalization procedure consists of the energies WSﬁw(z)
and the coefficients w}, ,(2) that appear in the expansion of the state ]:0“' After

tridiagonalization, Hamiltonian (4.178) takes the form (cf. Ref. [BCPO0S])

H eb(2) =
S [enn®) £ frn(2) + b (£ fre1(2) + Fhonu () fn2))]
e
(4.180)
with the on-site energies €,,(z) and the hopping parameters t,,(z). Hamiltonian
(4.180) corresponds to the electronic part of the semi-infinite Wilson chain. Start-
ing with the energies WEP, (2) and the coefficients w}, (2), the goal is now to

determine the parameters €,,(z) and t,,(z). If states with different spin projec-
tion u =71 / | are not coupled, as in Hamiltonian (4.178), the tridiagonalization
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can be carried out separately for each spin species. It corresponds to a (real) or-
thogonal transformation with the following representations for the new basis states
[BCPOS|:

o0

Fru(2) = D uhnu(2) abuu(2) - (4.181)

m=0,p

Comparing with Eq. (4.179) for n = 0, we directly obtain:

Uy (2) = A\ Winp(2) - (4.182)

The orthogonal transformations Z/lfj(z) have the defining properties (compare Ref.
[Wil75])

U)) U =1 = Sl ()l (2) = e (4.183)
l

WU =1 = S ul ()l (2) = S - (4.184)
l

With p = —p, we furthermore require that [Wil75]

U2)) UG =Un () (UD(2) T =0
D U (2) U (2) Zuklu ub, (2) =0. (4.185)
!

Using these properties, the inverse transformation to Eq. (4.181) is obtained as:

For each spin projection, we now make use of the desired equivalence between
Hamiltonians (4.178) and (4.180) [BLTV05, BCPO0S|:

W32 Ehule) (a1l ) =
Z [ew(Z) fw(z)[w(z)

n

a2 (£ 1) + fhiau(2) frn())] - (438)

Inserting the expansion for af,  (2) leads to [BLTV05]
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chain”
W Z abt (2) =
T T
> [ew W) + () (L1 1@ + flra) ()]
(4.188)
so that, by equating coefficients for n = 0, we find [BLTV05]:
Z 2) U (2) @lu(2) = €0,(2) [ + tou(2)f1,,(2) - (4.189)

This identity, in combination with the expansion of f¢, according to Eq. (4.181),
allows us to determine the zeroth on-site energy [BLTVO05]:

eop(z) = {fome()ﬂ(z)ﬂm+t0u(z)[h(z)} = ... (4.190)

2 (4.182)
= Z ) (Uhmu(2))” = WZé’fq’w(z) wh,,(2) . (4.191)
p,m

Using the corresponding expansion for fj) . Eq. (4.189) can be furthermore rewrit-
ten as [BLTVO05]:

tou(2) ﬁ“(z) = Z 2)ub,(2) abl,(2) — eou(2) fg“ (4.192)
= Z(WEQM(Z)—eoM(z))USmAZ) abt (2) . (4.193)

Comparing with the expansion of the state f J{ 1 (2);
=> ub,,.(2) bl (2) (4.194)
p,m

we directly see that:

1
o (2)
With the expression for the operator fi,(z) corresponding to Eq. (4.194), we can
then use Eq. (4.193) to calculate the zeroth hopping parameter [BLTV05]:

uzlgmp(z) = (ngu( ) GOH(Z))ugmu(z) . (4195)
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tou(z) = {fm(z), tou(Z)f'l'u(z)} = ... (4.196)

- Z WEP (2) — €ou(2)) > wh,,(2) (4.197)

or equivalently:

2
(o) =025 (e, - 42 ) w00, sy
p,m

We have thus determined the parameters assigned to the zeroth site of the Wilson
chain and thereby “initialized” the recursive procedure.

As the next step, it is shown how to calculate the parameters for lattice site
n using the results for the previous site n — 1. To this end, we go back to the
equivalence (4.188) and equate coefficients for n > 0 [BLTV05]:

Z nm,u Z) aﬂp(z) =
Enu(z)in#(z) nu( )fn+1u( z) + tnfln(z);iqu(z) . (4'199)

With the same approach as before, the on-site energy for lattice site n can then
be determined [BLTVO05]:

enp(2) = {fw(z), en(2) [1,,(2) + tau(2) J:jzw(z)ﬂn,m(z) f;,m(z)} (4.200)
= —WZ ) (U (2))” - (4.201)

In order to obtain an expression for the next group of elements of the orthogonal
transformations Uf(2) (i.e., for index n + 1, cf. Eq. (4.195)), Eq. (4.199) is
rewritten as [BLTV05]:

Wgrz;’bu(z) UimM(Z) gﬂp(z) - ETL,U«(Z)I:;;L(Z) - tn*'ll‘ (Z)ijz,—lﬂ,(z) = (4202)

ngzu(z) uﬁmp(z) - En#(z) ugrjtm,u(z) - tnfllt(z) ufzflmp,(z)) aﬂ#('z) .

(4.203)

((WERL(2) = en(2))ths(2) = b 1u(2) 11 (2)) -
(4.204)
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Finally, we need to find the recursion relation for the hopping parameter t,, (z).
To this end, we make use of Eq. (4.203) [BLTV05], the above result for u; , . ,(2),
and the expression for €,,(z) from Eq. (4.201):

tnu(z) = {ZJ’nJrl#(Z), tnM(Z)ZL+1H(Z)} = ... (4205)
- t,wl(z) (Z (WE,(2) b (2))° = (enp(2))” — (tn_lu(z))2> :
. (4.206)

or equivalently:

This completes the derivation of the recursion relations for the parameters of
the Wilson chain. Let us now summarize the obtained equations for the tridiago-
nalization of the logarithmically discretized conduction band Hamiltonian (4.178)
(cf. Ref. [BCPO8]):
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Initialization forn =0 :

Uomu(2) = %W%M(z), (4.208)

U = S A ) (4.200
()" - ;(SﬁAﬁW)—60552)>2(u8mu<z>)2, (1:210)
Do) = tom) (ﬁ’?Aﬁ’w(z) - G%Z)) WBop() . (4211)

En{jlﬁz) _ %ﬁg«‘tﬁm(z)(uﬁmu(z))Qv (4.212)
(tn;éz))z _ pz:n (ngw(z) uﬁm#(z))Q
_ <En;y>)2 _ (WW#;('Z))Q , (4.213)
) = o | () - 2 i)
_tnIMF/L(Z)qulmu(z)} , (4.214)

For general input parameters, the on-site energies €,,(z) and hopping parame-
ters t,,(z) have to be determined by numerically solving the recursion relations.
For this purpose, suitable cutoffs m . for the interval index m and np,.x for the
lattice site index n, respectively, have to be introduced. Since the parameters
appearing in the recursion relations cover a wide range of values, a numerical so-
lution suffers from instability so that at some point the recursion breaks down
[BCPO08]. For a maximal lattice site index nmax of, say, the order of 50, this can be
avoided by using arbitrary precision arithmetics. In this way, it is also possible to
obtain numerically exact (i.e., double precision) results for the parameters of the
Wilson chain. Because of the instability, it is advisable to take a safe approach
to the choice of numerical parameters and, preferably, to inspect the obtained
on-site energies and hopping parameters. As discussed in Sec. 4.12, the value of
Nmax depends on the lowest temperature that is supposed to be reached in the
NRG calculation and thereby also on the discretization parameter A. For larger
A, a smaller value of n .y is necessary in order to “cool the system to the desired
temperature”.
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In each step of the recursive solution, the elements u} , ,,,,(2) of the orthogonal
transformations U} (z) have to be determined. For given n, they can be interpreted
as the components of a vector using the interval index m:

uﬁ+1u(z) = (“ﬁ+1,ou(z)v ui+1,1u(2)7 UZ-H,QM(Z)) R “Z+1,mmxu(2)> . (4.215)

With the transformation property (4.184), we find:

Mmax

u’lr)z+1u(z> : ufz—‘,—lu(z) = Z ’u’i)‘b-‘rl?nu(z) qu—‘,—lmp(z) = 6n+17n+1 =1. (4216)
m=0

The vectors uj, ,,(2) are thus normalized to one, and it can certainly do no harm
to explicitly enforce the normalization after each step of the recursive solution
[BCPOS).

For a particle-hole symmetric density of states (i.e., p(e) = p(—¢) with ep = 0)
and h = g.pupB = 0, we have B = W, A} (2) = — A, (z) (cf. Egs. (4.51), (4.72),
and (4.152)), and W, (2) = W,,(z) according to the definition (4.37). With the
ansatz uP, (z) = (—1)"u®, (z) for the elements of the orthogonal transformations
UP(z) [Wil75], it can then be shown that all on-site energies €, (z) have to vanish.
On the other hand, with the relations &, ,(2) = BLA?, ,(2)/W and wh, (2) =
BEWE, (2)/W, we obtain for h > 0:

wfnu(z) = wfzm(z), (4.217)
EP(z) = —€EP(2). (4.218)

Using the ansatz ub,, (2) = (—1)"u§mﬁ(z), it can be shown that in this case

‘em(z) =—€,y(2) and t,4(2) =tn(2) foralln. ‘ (4.219)

In special cases, analytical solutions to the recursion relations have been ob-
tained. For a constant DOS, h = 0, and e = 0, Wilson has found the following
solution for the on-site energies and hopping parameters using the standard dis-
cretization with z = 1 (see p. 814 of Ref. [Wil75] and compare Ref. [BCP08]):

% - 0 for alln , (4.220)
t 1 (1+AH(1-AT1?

o1 [+ AT ) A% withn>0. (4220)
%% 21— A2n-1,/1 —A-2n-3

Because of the instability that a numerical solution of the recursion relations dis-
plays, Wilson’s analytical solution is useful for a check of the numerical code. A
further analytical solution exists for a particle-hole-symmetric “pseudo-gap” den-
sity of states (i.e., p(¢) o |e|” with » > 0), again for the standard discretization
with z =1 [BPH97].
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Asymptotically, the hopping parameters ¢,,(z) of the Wilson chain decrease
exponentially with increasing lattice site index n. In particular, Wilson’s analytical
solution has the following asymptotical dependence on n:

n/2

by /W~ ATV2 = A7 —em 3 A for 1 (4.222)

The discretization parameter A thus determines how fast the hopping parameters
decline along the chain. Note that the exponential decrease of the hopping pa-
rameters is crucial for the iterative diagonalization of the Wilson chain, which is
discussed in the next section 4.10. Experience shows that the on-site energies, if
they are unequal to zero, fall off even faster with increasing n than the hopping
parameters.

In the case of a constant DOS and e = 0, the following analytical expressions
for the on-site energies of the zeroth site of the Wilson chain are obtained:

Standard discretization: (4.223)
1
Weou(z) = Weoy = 1 {(B+)2 - (B_)Q} :

Discretization by Campo and Oliveira: (4.224)

2 2 —A—Z2 _ A1
e = [ 65 g (L2 ).

Discretization by Zitko and Pruschke: (4.225)

Weon(s) = (B - (6] g (1= A7)+ 1= (1= A ma

1—A"T
71\_22 .
1 + A1 )

Egs. (4.224) and (4.225) give the same result for z = 1.

After tridiagonalization, we have an alternative approximation to the original
Hamiltonian (4.22) for the given twist parameter z (note, however, that the tridi-
agonalization does not involve any new approximations compared to the logarith-
mically discretized model):

Hxre ~ Hwilson(2) - (4.226)

The Hamiltonian of the Wilson chain is given by:
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S fou Sz fou(z)  [fau(z) 0 fau(2)  fau(2)
v J v tou(z) v v tau(2) + tau(z) v tan(z) v
—0—90 —00—960—0—906

Himp(B)  eou(z)  eul(z)  eu(z)  eu(z)  ean(z)  eulz)

tip (2)

impurity logarithmically discretized and tridiagonalized conduction band

Figure 4.4.: Visualization of the Hamiltonian (4.227) which corresponds to the
semi-infinite Wilson chain. The impurity spin S couples to the elec-
tron spin at the zeroth lattice site that is expressed via the operators

fon

o0

IjWilson(z) = Z [enu(z) zlu(z)znu(z)

n=0,u
b () (L2 S 12+ L0, () o (2) )]

Oy
+J§- Zﬂm 5 JNCOV + Himp(B) , (4.227)
TR

with { Fon(2), JNCIL,V(z)} = SO (4.228)

and the parameters €,, () and t,,(2) as solutions
of the Eqgs. (4.208) to (4.214).

4.10. Iterative diagonalization of the Wilson chain,
basis truncation, and Renormalization Group
aspect

The Wilson chain is a semi-infinite system because it has a beginning in form of
the impurity part, but no end (cf. Fig. 4.4). Since no analytical solution for
the eigenvalue problem of the full Wilson chain is available ([Wil75], p. 816), an
approximate numerical diagonalization is instead used. Such a diagonalization is,
however, only possible for a system of finite size. For this reason, the Wilson chain
has to be truncated by introducing a maximal lattice site index ny.x and removing
all sites with n > nyax. At the moment, it is not obvious of what use the resulting
finite part of the chain is and how physically meaningful results can be obtained
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from it. If the value of nyax is too large, even the truncated Wilson chain cannot
be diagonalized exactly anymore since the dimension of the associated total Hilbert
space grows like Dj,,4"max+1 (with Dimp being the Hilbert space dimension for the
impurity part of the chain). Because of the exponential growth, this “critical” value
of Nnpax is quickly reached and an approzimate numerical treatment of the finite
chain fragment becomes necessary. To this end, one has to identify and keep the
“important” states which “faithfully” reproduce the physical properties of the full
Wilson chain in certain energy regimes. By discarding all the other less important
states, the exponential growth of the total Hilbert space size is counteracted and
it becomes possible (at least in principle) to numerically investigate truncated
Wilson chains of arbitrary length.

In a NRG calculation, the Wilson chain is iteratively diagonalized until the
maximal length determined by n,.x is reached (as it turns out, observables can be
calculated for lower temperatures if a larger value of np.y is used). The iterative
construction of the Wilson chain is done by adding one lattice site at a time: After
the chain has been (approximately) diagonalized up to and including site N — 1,
site IV is added and the resulting enlarged fragment is diagonalized again. When
a certain value of N is reached (which is of the order of 5), less important states
have to be discarded by applying a suitable selection criterion in order to keep the
number of considered states small and approximately constant.

4.10.1. Iterative construction of the Wilson chain and rescaling
of the truncated Hamiltonians

Before the approximate diagonalization of the Wilson chain can be carried out, the
iterative algorithm has to be initialized once by providing all the required infor-
mation for one chain fragment (the type of information needed from the previous
step in order to perform the calculations in the next step is described in Sec. 4.11).
Typically, the fragment used for the initialization comprises the impurity part and
the zeroth site of the chain (c¢f. Fig. 4.5 (a)). In order to obtain the necessary
initial data, the corresponding part of the Wilson-chain Hamiltonian (4.227),

(0)

Hwiison () eou(2) J o
~ Wilson _ “w T T uv
=2y Lhon S D Ll for+

3 %

Ijimp<B)
W b

(4.229)

is diagonalized exactly (either analytically or numerically, see App. A).

In the first step of the iterative diagonalization, the first site of the Wilson chain
is added (see Fig. 4.5 (b)) and, with the information from the previous (zeroth)
step, the complete eigenvalue problem of the enlarged chain fragment is numeri-
cally solved. The couplings tp,(z) to the first lattice site cause the energy levels
of Hamiltonian (4.229) to split up. In particular, the order of magnitude of the
splitting between the groundstate and the first excited state of the enlarged frag-
ment (i.e., the groundstate gap) is given by the hopping parameters that connect
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J zeroth step

@ W—0 (initialization)
I;Iimp (B> €ou (Z)

Dim X 4
! ilu(z)

tou(z ¥
ou(2)
(b) ' O-—0 first step

€1(2)

l 1
Nth step
(c) ! 0 & L2 < ‘ "_@ (general step)
enp(z
Hilbert space dimension = (Nkeep X 4)

Figure 4.5.: Illustration of the iterative construction of the Wilson chain (cf. Fig.
4.4). Dipp denotes the dimension of the impurity Hilbert space and,
as long as all states of the chain fragments are retained, the size of
the total Hilbert space grows by a factor of four every time a new site
is added. Niecp is the number of states that are kept after each step
of the iterative diagonalization once states have to be discarded (see
Sec. 4.10.2).
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the newly added site to the existing part of the Wilson chain (cf. p. 816 of Ref.
[Wil75], p. 1007 f. of Ref. [KmWWS80a], and p. 406 of Ref. [BCP08]). In a NRG
calculation, it is common to rescale the Hamiltonians for the finite fragments of
the Wilson chain in such a way that the (dimensionless) groundstate gap becomes
of order 1 (see p. 84 of Ref. [Hew93] and p. 408 of Ref. [BCPO08]), which also
makes the gap similar in each step of the iterative diagonalization. Such a rescaling

is achieved when the truncated Hamiltonian Ij%fson(z) in the Nth step (cf. Fig.

4.5 (c)) is divided by the hopping parameter ty_1(z) that attaches the outermost
lattice site N. If the hopping parameters depend on the spin projection pu, one
can, e.g., use the average value (tnx—_14(2) + tny—11(2))/2 for the rescaling. In the
following, let 7n—1 be the (appropriately chosen) dimensionless rescaling factor in
the Nth step of the iterative diagonalization:

Tny_1 = dimensionless rescaling factor in step N . ‘ (4.230)

From a strictly technical point of view, a rescaling is not necessary for the iterative
diagonalization to work. However, since the hopping parameters decrease exponen-
tially along the Wilson chain (cf. Eq. (4.222)), the rescaling ought to be beneficial
to the numerics. Note that the truncated Hamiltonians have to be rescaled if one
intends to investigate the fixed points of the considered model (in a Renormaliza-
tion Group sense, see Sec. 4.10.5) by studying the renormalization flow of the cal-
culated energy levels (as originally done in Refs. [Wil75, KmWW80a, KmWWS80b],
cf. p. 406 f. of Ref. [BCP08]). In this case, the “correct” choice of the rescal-
ing factor (4.230) ultimately depends on the fixed point properties of the studied
model (see p. 404 of Ref. [BCP08]).

As indicated by the chosen notation, the hopping parameters ¢,,(z) in general
depend on the value of the twist parameter z. If they are used for the rescaling,
the rescaling factor 7y_1 thus also becomes z-dependent. A z-averaging, however,
is technically simpler if 7y_; does not depend on z (cf. p. 411 of Ref. [BCPO0S]).
We will expand on this point when discussing the role of temperature in a NRG
calculation in Sec. 4.12.1. Instead of rescaling with the actual values t,,(z) that
result from the tridiagonalization procedure, one can, e.g., use Wilson’s analytical
solutions (4.221) for the hopping parameters as z-independent rescaling factors.
Note that z-averaging is a method for the optimization of static and dynamic
observables (cf. Sec. 4.4.2). The introduction of a twist parameter is of limited
use when investigating the renormalization flow of the calculated energy levels
since there is no meaningful z-average for an energy spectrum (see p. 41 f. of Ref.
[Zit07]).

Let us now introduce a rescaled dimensionless Hamiltonian ”tl%%lson(z) for the
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first step, illustrated in Fig. 4.5 (b), of the iterative diagonalization:

H(l)l SOH(Z)
,tl%)ilson(z) = 7—0_1%
_ Hg)(\)/)ilson(z) €1 ( )
= ! [ Y R L@ 1) (4.231)

©w

+ B (1 )+ £l o)

In the Nth step (depicted in Fig. 4.5 (c)), in which lattice site IV is added to the

existing fragment of the Wilson chain, we analogously define a rescaled truncated
THoni (™) .

Hamiltonian Hyyjson (2):

(N)
N o NWilson(Z)
H%Vlfson( ) = Tlel W
(N-1)
_ NWilson( ) EN (Z)
= 134, W + I;LV ﬂ\,u(z)zjvu(z)

“w

+ZtN ) (e D frnE) + Fv 1)

- I ?:t%]vﬁlsii(zwm%lzm( )l

TN —
N-1 m

+ Z w (zj\pm(z)iNﬂ(z) + I;rV#(Z)JNCN_m(Z)ﬂ '

o

(4 232)
Accordingly, there is the following relation between the Hamiltonians lelbon(z)
and the Hamiltonian (4.227) of the semi-infinite Wilson chain:

gWilson( )_ hm WTN 1HW1150n( ) (4233)

It is common practice to reset the groundstate “energy” to zero after each step
of the iterative diagonalization. Let 07;[%%5011(,2) be the rescaled dimensionless
Hamiltonian in step N with a groundstate of zero. From a technical point of view,
the reset is again not necessary, but it prevents the energies from exponentially
increasing along the Wilson chain (see p. 408 of Ref. [BCP08]). If the renormal-
ization flow of the energy levels is supposed to be studied, the groundstate energy
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has to be zeroed after each step so that excitations are automatically measured
relative to the respective groundstate.

4.10.2. “Traditional” basis truncation

Irrespective of the criterion that is used to truncate the basis, it seems advisable to
retain all states in the first few iterations [MWC12]. This way, a chain fragment
of a certain length (comprising about five lattice sites) is diagonalized ezactly.
Apparently, the first few steps of the iterative diagonalization are crucial for a
successful NRG calculation [Weill].

When using the “traditional” basis truncation scheme, a number Nycqp is defined
that determines how many states are kept after each step once the beginning of
the Wilson chain has been diagonalized exactly. The criterion for selecting the
“tlmportant” states in each step that involves truncation is actually rather simple:
One keeps a certain number of the lowest-lying energy levels so that the number of
retained states is (approximately, see below) Nieep (We discuss in Sec. 4.10.4 why
this truncation scheme works, i.e., why it produces states that accurately represent
the properties of the full Wilson chain in certain energy regimes). Before the next
lattice site is added to the existing chain fragment, all the remaining, higher-lying
eigenstates are dropped (cf. Fig. 4.5 (¢)). This way, the number of considered
states is kept small (Nkeep is typically of the order of a few thousands, see below)
and approximately constant along the Wilson chain. Since the exponential growth
of the total Hilbert space size is thus avoided, it becomes possible (at least in
principle) to continue the iterative diagonalization up to arbitrary chain lengths.
However, note that the accuracy of the obtained results decreases along the chain
due to an accumulation of numerical errors. Depending on the precision used in
the numerical calculations, the maximal length of the truncated Wilson chains for
which reliable results can be obtained is therefore limited after all.

The energy levels of the finite chain fragments tend to be clustered (see p. 52
f. of Ref. [Zit07]). When truncating the basis, one should ensure that such a
cluster is not accidentally split up since this might artificially break symmetries of
the system. In order to prevent this, it is advisable to enforce an appropriate gap
between the highest kept and the lowest discarded state ([Zit07], p. 53). Taking
this precaution, the actual number of eigenstates that are retained after each step
differs somewhat from the requested value Nycep-

The choice of Nieep depends, among other things, on the model under investiga-
tion, the observables to be calculated, and the value of the discretization parameter
A. In case of a single-channel Kondo model with S = 1/2 and A =~ 3, one typi-
cally keeps a few thousand states for the calculation of thermodynamic observables
[Wil75, Cos99, BCP08]. If a larger discretization parameter A is used, fewer states
have to be retained in order to accurately describe the properties of the logarith-
mically discretized Hamiltonian (see Ref. [CPLO97], p. 405 of Ref. [BCP08], and
Sec. 4.10.4). For larger A, however, the calculated observables should be expected
to be less representative of the continuum limit A — 1. In any case, Nieep nNeeds
to be large enough so that the obtained results can be considered as converged
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(meaning that changes in the calculated quantities upon further increasing Nyeep
can be regarded as insignificant). Since we aim at producing results which reflect
the properties of the studied model and not the numerical intricacies of the NRG
algorithm, the effect of each of the numerical parameters on the calculated observ-
ables must be sufficiently small. If non-abelian symmetries are used, one should
furthermore discern whether the specified number of kept states really refers to
states or instead to multiplets (for complex symmetries, this can make a huge
difference).

The basis truncation and the finite size of a chain fragment cause its energy
spectrum to be only representative of the spectrum of the full Wilson chain on a
particular energy or temperature scale (see Sec. 4.12).

4.10.3. “Modern” basis truncation

Let us denote the set of eigenvalues of Oﬂ%%son(z), the rescaled dimensionless
Hamiltonian in step IV with a groundstate of zero, by {Si(N)(z)}. Instead of speci-
fying how many states are to be kept once the basis is truncated, one can also define
an energy cutoff Exeep > 0 in order to determine which eigenstates are retained
(although this is a single number, the characteristic scales 7y_1 from Eq. (4.230)
are correctly taken into account via the rescaling of the truncated Hamiltonians):
After the enlarged chain fragment has been diagonalized, only those eigenstates
of O”tlgﬁfson (z) with eigenvalue EZ(N) (2) < Exkeep are kept. Depending on how dense
the energy spectra in the different steps are, the actual number of retained states
can vary significantly along the Wilson chain if this “modern” basis truncation
scheme is used. Typical values of Exeep for single-impurity single-channel Kondo
models are Exeep = 5...15 for A = 3 (see p. 817 of Ref. [Wil75], p. 87 of Ref.
[Zit07], and Refs. [ZPP0S, Weill]).

By using an energy cutoff instead of a fixed number of kept states, the compu-
tation time is supposed to be optimally divided between the different steps of the
iterative diagonalization: A large number of the low-lying levels is only retained
if this is really “necessary” (see p. 52 of Ref. [Zit07]). Furthermore, it is argued
that the use of a cutoff is also beneficial to the quality of the obtained results
[Weill]. Keeping all states with € < Egeep produces a truncated energy spectrum
of well-defined width. As discussed in Sec. 4.12.1, this should allow to assign cer-
tain temperatures to a particular step of the iterative diagonalization even more
reliably.

4.10.4. Motivation for the energy-based truncation scheme

We still have to deal with the important question why it is reasonable to truncate
the basis by simply keeping a certain number of the lowest-lying eigenstates after
each step of the iterative diagonalization. Apparently, selecting states solely based
on their energies only results in a successful calculation because the parameters
of the Wilson chain have the special property of decreasing exponentially with
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increasing lattice site index n (cf. p. 15 of Ref. [Cos99]). For a chain with uniform
coupling, e.g., such a simple truncation scheme does not work well. In this case, a
more elaborate criterion for the selection of “important” states is needed (e.g., via
the spectra of reduced density matrices as in a Density Matrix Renormalization
Group (DMRG) calculation; see Ref. [PKWH99]).

The non-interacting conduction electrons with their continuum of states do not
possess a characteristic energy scale. In the Kondo model, they contribute to the
physics on all energy scales (see p. 807 and 813 of Ref. [Wil75] and p. 78 of Ref.
[Hew93]). Wilson’s motivation for the logarithmic discretization was to establish
a separation of energy scales ([Wil75], p. 813) that allows to consider the contri-
butions of the different scales one after the other (in the spirit of an increasingly
elaborate perturbation theory). In a certain sense, a lattice site that is added in
the iterative diagonalization can indeed be regarded as a small perturbation of
the existing chain fragment. On the one hand, because of the exponential decline
of the hopping parameters, the prefactors ty_1,(z)/W7n_1 (with a value close
to 1) of the terms in Eq. (4.232) connecting the newly added lattice site and
the existing part of the Wilson chain are smaller than the ratio! 7n_o/7n_1 > 1
by which the Hamiltonian from the previous step is multiplied. On the other
hand, Wilson has argued that the matrix elements of fy_1,(z) with respect to

1)

the eigenstates of %%]\Xlgon(z) are small if the two eigenstates are energetically well

separated ([Wil75], p. 817). This means that the matrix elements of the coupling
term ﬁVflu(z)iN#(z) —Hj\,# (z)]N‘N,m(z) with respect to the product basis in step
N are also small if well separated states from step N — 1 are involved. It might
therefore be a good approximation for the low-energy spectrum in the current step
if the high-energy states from the previous step are not taken into account at all
and discarded right away ([Wil75], p. 817). In particular, the basis truncation
is expected to work better for a larger discretization parameter A (cf. p. 11 and
15 of Ref. [Cos99]). In this case, the decrease of the hopping parameters along
the Wilson chain is faster and, consequently, the relative importance of the newly
added lattice site is lower. It turns out that for smaller values of A a larger number
of the low-lying energy levels has to be retained in order to get converged results
(see Ref. [CPLO97] and p. 405 of Ref. [BCP08]).

Note that the additional lattice site cannot be considered as a small perturbation
in the sense that it is actually possible to treat it using perturbation theory. The
reason is that the newly added site is not a small perturbation for the low-lying
energy levels from the previous step (cf. p. 50 of Ref. [Zit07]). On account of
this, it is necessary to completely diagonalize the enlarged chain fragment in each
step. This way, NRG is also rendered non-perturbative with respect to all physical
parameters (cf. p. 11 of Ref. [Cos99] and p. 396 of Ref. [BCP08]).

One should keep in mind that the basis truncation is an approxzimation whose
quality has to be checked by varying the numerical parameters and observing the

1 If Wilson’s analytical solution for the hopping parameters is used for the rescaling (i-e.,
TN = tn/W with tny/W from Eq. (4.221)), we have 7y _2/Tn_1 &~ VA for N> 1.
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changes in the calculated quantities. In general, there are artifacts in the obtained
results because of the neglect of high-energy states (see, e.g., Fig. 5 of Ref. [ZP09]).
By comparing with a fixed point Hamiltonian for A = 2 in the strong-coupling limit
(i.e., for npmax — 00; cf. Sec. 5.1.1), Wilson found that the relative deviation of
the numerically calculated lowest energy levels is smaller than 1075 (see p. 822 of
Ref. [Wil75] and p. 15 of Ref. [Cos99]). For larger discretization parameter A,
the error due to the basis truncation should be even smaller.

4.10.5. Renormalization Group aspect

Moving along the Wilson chain, the hopping parameters and on-site energies
steadily decrease. As a result, the interaction between the conduction electrons
and the impurity spin is effectively studied on increasingly small energy scales (cf.
Sec. 4.12.1).

Before considering the Renormalization Group (RG) aspect of NRG, we try to
summarize basic concepts of RG theory based on chapter 4.1 of the book [Hew93].
In a “standard” formulation of RG theory, one deals with a Hamiltonian of fixed
structure whose parameters change under a RG transformation. For the Kondo
model, Anderson’s poor man’s scaling [And70], which is briefly discussed in Sec.
5.1.1, is an example of such an approach. By means of the RG transformation,
the original problem is considered on progressively larger length or smaller en-
ergy scales, respectively. In the course of this transition, degrees of freedom are
eliminated and effectively absorbed into renormalized or “running” coupling pa-
rameters. The successive application of the RG transformation generates RG tra-
jectories that describe the “flow” of the renormalized parameters upon reducing
the energy scale on which the problem is studied. The RG transformation can
possess fized points, at which the running couplings are invariant. A fixed point
can be stable, so that the RG trajectories are attracted to it, or unstable, meaning
that the RG flow is eventually driven away from it. Close to a fixed point, it
is useful to linearize and subsequently diagonalize the RG transformation. The
obtained eigenvalues are then classified according to whether their powers (corre-
sponding to a repeated application of the linearized RG transformation) increase
or decrease. An eigenvalue is termed relevant (irrelevant) if it is larger (smaller)
than 1. If there is at least one relevant eigenvalue, the corresponding fixed point is
unstable. An eigenvalue that is equal to 1 is called marginal. If there are marginal
eigenvalues (besides irrelevant ones), the linearized RG transformation alone is not
sufficient in order to make a statement about the behavior of the trajectories in
the vicinity of the fixed point and a more careful study becomes necessary.

Quantum impurity models can have fixed points with respect to a transformation
that effectively lowers the energy scale. In practice, this means that there can be
energy regimes in which it is possible to approximately replace the original model
by some effective Hamiltonian (corresponding to a fixed point Hamiltonian with
certain perturbations) whose parameters flow under the RG transformation. Such
a fixed point can be unstable so that the system is eventually driven away from it if
the energy scale is further reduced. Typically, there is some stable low-temperature
fixed point.
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A NRG calculation does not provide direct “access” to the effective Hamiltonians
and their renormalized parameters (cf. p. 404 of Ref. [BCP08]). To begin with,
only the energy levels obtained by diagonalizing the finite fragments of the Wilson
chain are available. This way, however, one has a large set of “parameters” that can
be analyzed using the RG formalism. If the truncated Hamiltonians are properly
rescaled, it is possible to identify fixed points of the model by studying the renor-
malization flow of the energy levels (i.e., their dependence on the lattice site index
n). Close to a fixed point, the lowest-lying eigenvalues depend only weakly on n
(note that n has to be either even or odd as discussed below and compare, e.g., Fig.
6 of Ref. [Cos99] and Fig. 4 of Ref. [BCP08]). In this case, the numerically cal-
culated energy spectra can be compared to the spectrum of a corresponding fixed
point Hamiltonian with suitable corrections [Wil75, KmWW80a, KmWWS80b].

In studies of impurity models, it is common to analyze the existence and the
properties of fixed points in order to develop a consistent picture of the physical
properties of the model on different energy scales. From a theoretical point of
view, those fixed points may be considered as particularly interesting which cannot
be effectively described by (interacting) fermionic quasiparticles (so-called “non-
Fermi-liquids” as opposed to Fermi liquids; see Sec. 5.1.1). It is possible that
apparently different models have, e.g., the same low-energy fixed point. In this
sense, they can share universal properties (see Sec. 5.1.1).

The transition from 07;[%_;21(2) to O?;[%fson(z) described by Eq. (4.232) (except

Is
for the reset of the groundstate energy) can be regarded as a Renormalization
Group transformation R [Wil75, KmWW80a, Hew93, Cos99, BCPO0S]:

N N—
"Hitaeon(2) = R "Hiviion ()] - (4.234)

For truncated Wilson chains (as for any other fermionic system of sufficiently small
size), there is a pronounced even-odd effect, meaning that the properties of chain
fragments with an even and odd number of lattice sites are different (cf. p. 406
of Ref. [BCPO08]). As a result, the transformation R? (but not R) can have fixed
points ([Hew93], p. 84). Furthermore, the fixed points for truncated chains with
an even and odd number of sites in general differ (see p. 819 of Ref. [Wil75] and
p. 409 of Ref. [BCPO08]). Note that information is lost in each step of the iterative
diagonalization in which the basis is truncated. For this reason, there is no inverse
transformation to R. Strictly speaking, we are therefore not dealing with a group,
but with a semi-group ([Hew93], p. 72).

4.11. Implementation of the iterative diagonalization
In order to reduce the numerical cost of the iterative diagonalization, existing
symmetries of the Wilson-chain Hamiltonian (4.227) should be taken into account

as far as possible. The use of symmetries causes the Hamilton matrix, in each step,
to be block-diagonal so that each block can be diagonalized separately. This speeds
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up the calculation since the time required for a complete numerical diagonalization
of a quadratic matrix of dimension N is of order O(N 3).

In the following, the simultaneous use of the two U(1) symmetries that are part of
the SU(2) isospin symmetry (discussed in Sec. 2.4.1) and the SU(2) spin symmetry
(considered in Sec. 2.4.2) is described. To this end, we work with basis states that
have a charge quantum number @ and a magnetic quantum number M. U(1)
symmetries have the advantage that they can be exploited simply via a standard
product basis. In this sense, these symmetries are “free of charge”. However, they
do not offer the same computational gain as more complex symmetries do.

Appendix B of Ref. [KmWW80a] describes how to carry out the iterative di-
agonalization of the Wilson chain using the charge @ and the full SU(2) spin
symmetry with quantum numbers S and M. The use of the two U(1) symmetries
Q@ and M is also discussed in section 4.2 of Ref. [Hof00] (“NRG at broken rota-
tional symmetry”). Furthermore, technical details regarding a NRG calculation
without spin symmetry are considered in appendix B of Ref. [ZP10].

4.11.1. Creating a matrix representation using quantum
numbers Q and M

The eigenstates of the truncated and rescaled Hamiltonian ’tlwl:ir)l(z), which is

defined by Eq. (4.232), are labeled with the quantum numbers that are associated
with the following two operators (note that the largest lattice site index appearing

in ﬂ%lel_Si)(z) is N —1):

n

1. Charge Qn—_1, i.e., electron number relative to half-filling (cf. Eq. (2.53)):

N-1

Qv-1= Y (fa@fu @)+ L ful) - 1). (4.23)

n=0

Let Qn_1 be the quantum number that is associated with the operator
Qn-1. Note that Qn_1 = 2n%_;, with n%,_; being the z-component of

the total isospin introduced in Sec. 2.4.1. n%;_; and thus also Qx_1 change

sign under a particle-hole transformation (see Egs. (2.80) and (2.81)). This
is the reason why Qn_1 is referred to as “charge” (cf. p. 1008 f. of Ref.

[KmWWS0a)).
2. z-component S%;_, of the total spin (cf. Eq. (2.65)):

N—1
S =5 O (£ )~ fLE@ ) + 87| (4230)

n=0

Let My_; be the quantum number that is associated with the operator
S%_1- The corresponding U(1) symmetry is part of the full SU(2) spin
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symmetry discussed in Sec. 2.4.2. It should be noted that S* alone is no con-

served quantity of 7;[%1_53(2) As usual, it is advisable to work with 25% _;

in an actual numerical implementation since the corresponding quantum
number only takes integer values (this is analogous to using Qn_; instead

of Q?V—l)'

Let us now assume that the Hamiltonian 7;[%1:;3(2) has been diagonalized so
that a certain number of its eigenvalues and eigenstates are available (note that in
the following subscripts of quantum numbers are omitted where possible in order
to simplify the notation):

1)

_ N—1 _ N—
Hn () |Q. A (€. ) = £ 00 () @, M (€.m)

(4.237)

r is an additional index that resolves all degeneracies, i.e., it numbers states with
the same values of 5((5;41))(2), ®@n_1, and Mpy_,. Furthermore, the following
matrix elements are supposed to be known:

OTHQ+ LM +1/5Em)] fhn () |Q M (L)Y
(
(

(V_1) ; . (4.238)
(z) <Q+17M_1/2; (57T)|£N—1J,(Z)|Q7M§(87T)>

Our goal is to create a matrix representation of the Hamiltonian ﬂ%fson(z)

using Eq. (4.232), which relates 7;[%71) (z) and ’tlggifson(z). To this end, we first

Ison

need a basis for the newly added lattice site V:

[0) = )M
MW = @
1) = ﬂw(z)m)(m 7 (4.239)
1D™ = flp @ E )W

Here, | Q)Y ) is the vacuum at lattice site N. Note that the ordering of the creation
operators in the state | 1| >(N ) is a convention. It would even be possible to choose
a different ordering for each N. Having a basis for site N, we can construct a
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product basis of the enlarged chain fragment that is described by ﬂ%%sm(z):

QA T @ 10 = e-1M B
QM T B N = 1@ M1 20
|Q, M; >g71> 2 |® = 0 M-1/2 3
@ )N e )™ = QLM A
(4.240)

Note that the quantum numbers on the left-hand side refer to the operators Qn_1

and S3%;_,, whereas those on the right-hand side refer to Q@ and S%;. Since lattice

site N is described by four states, each eigenstate }Q,M; (5,r)>gfl) from the

previous step N — 1 appears in four product basis states |Q’, M’; (€, r)N_l,i>Ei\;)

of the enlarged chain fragment.

In order to use the symmetries of %%fson(z) we have to set up matrix repre-

sentations in invariant subspaces characterized by quantum numbers (Qx, My).
For this purpose, Eqgs. (4.240) are formally “inverted” (cf. p. 57 of Ref. [Hof00]):

QM Ey- )Y = @+ M E)NST @ [0y
QM ENN-12 = @ M-1yzENTY @ 1H®
QM (E 1,3 = @ L M+yENTT o | H™
QM E NN Y = j@-1M L ENDTY e 1™

According to Egs. (4.240), there are up to four ways in which a state with quantum
numbers (Qn, My, (E,7)n—1) can be created. For arbitrary (possible) quantum
numbers (Qn, My, (E,7)n—1), not all of the states (4.241) necessarily exist. This,
however, is completely irrelevant for the following discussion, which only aims
at establishing rules for the calculation of matrix elements involving states of a
certain type.

In a subspace with the quantum numbers (Qn, My ), the following matrix ele-
ments have to be determined in order to obtain the desired Hamilton matrix (cf.
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the recursion relation (4.232)):

Ei\;)<Qa Ma (57 T)N—l? 7’| %%%SOH(Z) |Q7 M’ (5/7 T/)N—17j>giv)v)
TN—-2 (N-1)
ﬁ<- | Hwirson () [ ---) 4 +
_ €
TNL1 Nﬂ7< |fN,u fNu()| ~->BJr
m
_ tN—1,(2
ity S (@ )+ Fa @) )
m
(4.242)
The Hamiltonian %%;si(z) only gives a contribution on the diagonal,
< |HW1lson()"">A:
((Q M (&) v i H o (2) | Q. M (€ v, ) = (4.243)
N
(N)<Q M |HW1lson |Q M >§z)) )

and the four types of matrix elements simply correspond to eigenvalues from the
previous step N — 1:

N
Ei\;)<QaM7 (5,7“)]\/'_1, Wllson(z) ‘Q M (gvr)N—1a1>Ez)) = g(g-i-llM)(Z) )
N (N) N
Ez))<Q’M7 (£7T)N 172|HW1150 (2) |Q M (8771)1\/'7172>(z) = g((Q ]\41),1/2)('2) )
N (N) N
Ez))<Q’M; (Evr)N 173|HW1150n(z) |Q M (Svr)N 1, 3>(z) = g(Q A414)r1/2)(z) )
N
Ei\;)<Q,M, (&) n—1, 4| HO D (2) |Q, M; (€, 7)w 1,4>Ez)> - g((g 11M)(z)
(4.244)
The particle-number operators for lattice site N, ny,(z) = ZNM(Z)zN”( ), also
have diagonal matrix representations,
<...’QNH(Z)|...>B =
N
(N)<Q M;(E,7)n-1,i| nnu(2) |Q, M; (€7 )N - 1,j>E )) = (4.245)
(N) : ) (N)
() (@ | nrvu(2) @, M; )2 ,
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and, for the chosen numbering of the states in Eqs. (4.241), we directly obtain:

1 2 3 4 j/i 1 2 3 4 j/i
0 0 00 1 00 0 0 1
nnt(z): ] 01 0 0 2 , nny(z):] 00 0 0 2
0 0 00 3 001 0o 3
0O 0 0 1 4 o0 0 1 4

(4.246)
Lastly, the matrix elements of the hopping term have to be determined:

(o () + L) |-, =

C
~ ) (4.247)

. A (N
Ei\;)<Q7M7 (5ar)N—1vz|ENu(Z)|QaM; (8/7T/)N—17.]>EZ)) :

The states of lattice site N can be “eliminated” from the product basis states

(4.241) by using the corresponding matrix representations of the operators JN‘ %L(z)

10) (1) [4) It @
o 0 0 0 (0
fir(2) 1 0o o o (1], (4.248)
o 0 0 0 (]]
0 0 1 0 (1]
10) (1) [4) It @
: o 1 0 0 (0]
[m()z(ﬂw(z)): 0 0 0 0 SN (4.249)
o 0 0 1 (]
0 0 0 0 (1
10) (1) [4) It @
o 0 0 0 (0
i) : o o o o (t]], (4.250)
1 0 0o 0 (]
0 0 0 (1)
10) 1) [4) It O
: o 0 1 0 (0]
fm@=(fa®): | 0 0 o (|- @2sy
o 0 0 0 (]]
0 0 0 0 (i
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This way, the matrix elements C' can be expressed via matrix elements with respect
to the eigenstates from the previous step N — 1 (note that the operators F'y,,(2)

are Hermitian and compare p. 57 of Ref. [Hof00]):

1 2 3 4 j/i 1 2 3 4 j/i
0 A 0 0 1 0 0 C 0 1
Fnt(z): ] AT 0 0 0 2 . Fai(2) 0 0 0 D 2 ,
0 0 0 B 3 ct 0o 0 0 3
0o 0 B 0 4 o D 0 0 4
(4.252)
with
N (N)
A(E,’r')(f’,'r"):( )<Q7M, 71|ENT(Z) |Q7Ma 72>(z) =
N-—1
(z) 1)<Q+1 M; ‘ﬁvfm(z)‘Q’M_l/% >Ez) .
(V)
B(S,’r)(f’ r’) — )<Q7M7 73|ENT(Z) |Q7Ma 74>(z) =
N—-1
—- 1><Q,M+1/2; @)@ -1, oy
) o\(N) _
Clemerny = (@ L Eny(2)]Q,M; 3y =
(N=1) + . (N-1)
() <Q+1 M; | Fivo1y(2) QM +1/2; Jo
_ (V) ) ) (N) _
D(E’,r)(f’,r’) ~ (2) <Q7M7 ’2| ‘EN\L(Z) |Q,Ma ’4>(z) -
_ N—-1
QM =12 0| £ ()R -1, M Yoy
(4.253)

Assuming that the matrix elements (4.238) of the creation operators f}r\,_l .(2)

are available, a matrix representation of the Hamiltonian lelson(z) can now be
calculated in all invariant subspaces (Qn, My) by inserting the matrix elements
A, B, and C into Eq. (4.242). A complete numerical diagonalization of the
Hamilton matrix in each subspace then gives the eigenvalues {8((3 )M) (z)} and the

eigenstates {’Q7M; (5,r)>g)

in order to determine the states to keep, the basis can be truncated only after the
Hamiltonian has been diagonalized in all subspaces (Qn, My ).

}. Since the obtained energy eigenvalues are used

If the iterative diagonalization of the Wilson chain needs to be continued (i.e.,
the enlarged chain fragment including site N + 1 has to be diagonalized), the
following matrix elements with respect to the eigenstates that are retained in step
N must be determined (compare the matrix elements (4.238) which are necessary
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for the calculation of the matrix elements C):

Eiv))@ 1M A 1/2;(E,7)] ﬂw(z) |Q, M; (5’,7"’)>8;) :

(V)

) (4.254)
(@ + 1, M —1/2:(E,7)] £y, (2)|Q, M; (€',7)) ) -

It is possible to calculate these matrix elements by e?ﬁ%icit summation using the
(=)
uct basis {|Q,M; (S,T)N_l,i>g)} (see p. 58 of Ref. [Hof00]). As regards nu-
merical efficiency, however, this approach does not seem to be optimal. As an
alternative, the required matrix elements can be determined via matrix-matrix
multiplications, for which highly-optimized numerical routines are available. We

will return to this point in Sec. 4.11.3 after a short excursus.

vector representations of the eigenstates |Q, M; (€, r)> with respect to the prod-

4.11.2. Excursus: Transforming to the eigenbasis of the
Hamiltonian

Let us assume that we have an orthonormal basis {|<I)1>} of the Hilbert space with
standard properties,

(@;]@;) = by,

ZI‘EM‘I%-I

and the (trivial) vector representations

(4.255)

Il
=)

i) =D 55i®;) - (4.256)
J
With respect to this basis, the Hamiltonian H has the matrix representation H:
H =" Hy|®:)(®;] with Hy=(D;|H|D;). (4.257)
]

Furthermore, let {|Eﬂ>} be the orthonormal eigenbasis of H, i.e.:

I;I|Eu> = Eu|Eu> )
(BulBv) = 0w
Z|E#><EI—L| =1
n

(4.258)

The eigenstates have certain vector representations with respect to the old basis:

B} = D (il B |B3) = 3 Ui i) (4.259)

K2
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4. The Numerical Renormalization Group (NRG)

U is a unitary matrix whose columns contain the vector representations of the
eigenstates |E,) with respect to the original basis {|®;)}. It is obtained as part
of a complete numerical diagonalization of the Hamilton matrix H.

The matrix U can be used, e.g., to transform to the spectral (diagonal) repre-
sentation D of H:

H =Y D,|E.)(E|, (4.260)

2214

with
Dy = Eubuw = <EM|IN{’EV>

= D (Bul @My (®5|E,) (4.261)

i,
_ T
= D UL Hi U
i,J
Note that this system of equations corresponds to a matriz equation:

D=UHU . (4.262)

Completely analogous to Egs. (4.261), the old matrix representation O of an
arbitrary operator O is transformed to the eigenbasis of the Hamiltonian, resulting

in the matrix O:
O =Y U0 U (4.263)
4,7

or, in the form of a matrix equation:

o=utou. (4.264)

Having the matrix representation O with respect to the original basis and the
transformation matrix U, we can thus calculate the matrix representation O with
respect to the eigenbasis of the Hamiltonian by taking the conjugate transpose of
U and performing two matrix-matrix multiplications using suitable numerical rou-
tines. It should be noted that the operator O might not have the same symmetry
properties as the Hamilton operator H. In this case, O can “connect” different
subspaces that are invariant with regard to H (the existing connections can then

be described by what is known as selection rules).

4.11.3. Calculating the matrix representations of the creation
operators for the next step

We now return to the calculation of the matrix elements (4.254). In contrast to
the Hamiltonian ﬂ@fvﬁfsm(z), the creation operators f ;rv ,.(#) connect subspaces with
different values of @y and My (the corresponding selection rules are illustrated
in Fig. 4.6).
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4.11. Implementation of the iterative diagonalization

ULED ey (@ +1,M +1/2) =
N(Q+1,M +1/2:(8,7)n-1,i|Q + 1, M + 1/2: (') )

QN+1,
My +1/2

(2)

(V.2) o
Ul iperm (@ M) =

it (2)
QM (. )i Qs (g ) ) AT

@+ 1L, M+ 1/2 € w1, } > {jQ+ 1L,M + 172 (6,m) ()

{|Q+ 1,M—1/2; (5,7~)N_1,7:>§N)>} = {\Q F1,M —1/2 (€, r)>“\‘>}

(2)

CRIACER T E T
{j@.a; 6, Fny(2)

(V.2) ,, _
UL ey @+ 1M —1/2) =

)

MNQ+1,M —1/2:(8,7)n-1,i|Q + 1, M — 1/2:(£'.1")) ()

(2)

Figure 4.6.: Illustration of the selection rules, regarding the quantum numbers @ y
and My, for the matrix elements of the creation operators f E\, 4 (2)

with respect to the eigenbasis of the Hamiltonian in step N. In
each subspace (Qn,My), the numerical diagonalization of the ma-

trix representation of %%%son(z) with respect to the corresponding
product basis {|Q7 M;(E,7)N=-1, z)Ei\g)} gives the matrix of eigenvec-
tors UN2)(Q, M).
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4. The Numerical Renormalization Group (NRG)

According to the general result (4.264), the matrix elements of f }L\,T(z) that are

required for the next step of the iterative diagonalization can be calculated in the
following way:

OHQ+1, M +1/2; 0] fhr(2) | Q. M; )@

.
= ¥ {(Z/{(N’Z)(Q F1,M 4+ 1/2))
((Via) i)
(V' la).d)

. A (N
IQ+1,M +1/2;(V.)n 1] £l (2) @ M; (V. )Yy

X
((V,),1)

(N7Z)
U o) (QvM)} :

(4.265)
The matrix elements of f }LV i(z) are obtained in an analogous manner:

D@+ 10— 120 0| fl @] )

)
= > |:(U(N’Z)(Q-‘r 1,M— 1/2))
((V.0).)
(V'a).4)

NUQ+1,M =172V, ) —1,i| [, (2) @, M; (V' ¢ w1, YY) x
(2) LN (2)

X
((V,9),4)

((V'.q'),4)

ulN?) @, M)} :

(4.266)
As input information, we thus need the matrix representations of f }LV u(z) with
respect to the product bases of the two connected subspaces (which are, in gen-
eral, non-quadratic since the dimensions of the invariant subspaces vary) and the
corresponding transformation matrices U2 (Q, M) (cf. Fig. 4.6).
Let us take a closer look at the matrix elements

Ei\g)<Qa M7 (V7Q)N71,Z

A (N
ij\lu(z) ‘QI’ Ml? (Vla q/)N71;j>EZ)) . (4267)

The index 7 of a product basis state |Q, M; (V,q)n—_1, z)éi\;) indicates how this state

has been created (cf. Eq. (4.241)), i.e., which subspace (Qn-1,Mn—_1) of the
previous step it comes from. Since the eigenstates |Q, M; (V,q)>8;71) obtained
in step N — 1 are orthonormal, the matrix elements (4.267) can only be non-
zero if the left and right state originate from the same subspace (Qn—_1, Mn_1)

and, furthermore, they are proportional to dyyrdeq. As a result, the matrix
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4.12. Temperature in a NRG calculation

representations of the creation operators f TN H(z) with respect to the product basis

states each contain two non-zero blocks, which are equal to £1 (two blocks are
non-zero because there are two possibilities for matching the charge and magnetic
quantum numbers of the left and right product basis state in each case):

1 2 3 4 j/i
0000 1
Jjw(z):ﬂoooz ,
0000 3
001 0 4

(4.268)
1 2 3 4 j/i
0 0 00 1
Jjw(z):oooo2
1 0 00 3
0 00 4

An additional minus sign appears in case off}rw(z) since (N)< Tl ‘ f}r\,l(z) | T >(N) =

—1. The matrix-matrix multiplications that correspond to Eq. (4.266) are illus-
trated in Fig. 4.7.

4.12. Temperature in a NRG calculation

Unfortunately, a solution of the eigenvalue problem of the full semi-infinite Wilson
chain, described by Hamiltonian (4.227), is not available. Instead, the iterative
diagonalization results in approximations to the low-energy spectrum of chain frag-
ments of increasing length. The quality of this approximation critically depends
on the number of kept states. If the low-energy spectra are sufficiently accurate
(i.e., if enough states are retained), they can be used to calculate thermodynamic
expectation values that are representative of the properties of the full Wilson chain
in certain temperature intervals. To this end, one or several suitable temperature
values are assigned to each step of the iterative diagonalization.

When choosing the temperatures for which observables are calculated in a cer-
tain step, there a two major aspects to consider:

1. In the course of the iterative diagonalization, high-energy states are discarded
in order to allow for the approximate treatment of large chain fragments. As
a consequence, only a relatively small number of approximate eigenstates
of the Hamiltonian %%fson(z) is available in step N. When calculating
thermodynamic expectation values, the discarded high-energy states would
appear with certain pre-factors (depending on the studied observable) and
certain weights (depending on the considered temperature). In order to
produce results that accurately reflect the properties of the chain fragment
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4. The Numerical Renormalization Group (NRG)

—_

Ngr

Figure 4.7.: Illustration of the matrix-matrix multiplications that correspond to

100

Eq. (4.266). U (g is the matrix of eigenvectors (in ascending order
with respect to the calculated eigenvalues) for the left (right) sub-
space, and F| denotes the matrix representation (4.268) of f}rw(z)

The dimensions of the left and right subspace are Dy, and Dg, respec-
tively, and Ny, (Ng) eigenstates are kept after basis truncation. The
resulting matrix thus has dimensions Nj, X Ng. Because of the simple
structure of F, the calculation produces a lot of zeros. If performance
is insufficient, one should investigate whether the memory layout of
the matrices allows for optimization.



4.12. Temperature in a NRG calculation

in step N, the temperature has to be chosen sufficiently low so that the
contribution of the high-lying, non-existing states would be small and can
be safely neglected. Because of the pre-factors, certain observables such
as the specific heat (see p. 409 f. of Ref. [BCPO08]) are more susceptible to
truncation errors than others and thus, in general, more difficult to calculate.

2. Only finite chain fragments are (approximately) diagonalized. As a result,
information about the lowest energy scales (encoded in the hopping param-
eters and on-site energies of the remaining part of the Wilson chain) is miss-
ing from the energy spectrum obtained in step N. Since this mainly affects
the low-energy part of the spectrum ([BCPO08], p. 408), the temperature
has to be so high that the structure of the lowest-lying levels is thermally
washed out and the importance of the missing details sufficiently reduced.
The inaccuracy of the calculated observables because of the truncation of
the Wilson chain can be estimated using perturbation theory (see the next
section 4.12.1).

In practice, it might not be possible to simultaneously fulfill both requirements
equally well. In this case, some kind of trade-off is necessary when assigning
temperatures to the different steps of the iterative diagonalization.

4.12.1. Assigning temperatures to the different steps of the
iterative diagonalization

The energy spectra of the truncated and rescaled Hamiltonians Oﬂ%%son(z) are

characterized by the lowest excitation “energy” Er(n]if () > 0 and the “energy”

Séﬁ,l(z) of the highest kept state. In his calculations, Wilson found the lowest

excitation energy to be usually smaller than 1 ([Wil75], p. 817). 5&{!3((2) is either
directly determined by the chosen cutoff Exeep (and the enforced energy gap, cf.
Sec. 4.10.2) or it results from the requested number Nyeep of retained states and
the value of the discretization parameter A (which controls how dense the energy

spectra are [CPLO97]). Typical values are SI(nZX))((z) ~ 5...10 (see p. 817 of Ref.
[Wil75], p. 15 of Ref. [Cos99], and p. 406 of Ref. [BCPO0S]).

In order to assign a temperature to each step of the iterative diagonalization, a
dimensionless parameter § ([BCP0S8], p. 408) corresponding to an inverse thermal
energy [ is introduced (it is also possible to define a set { Bl} of such values, see
below). Since the rescaling factors (4.230) depend on N and render the lowest
excitation energy similar for all N, 8 can be chosen to be independent of N. A
similar quantity called 3 already appears in Refs. [Wil75] (see p. 826 and table XI)
and [KmWW80a] (see Eq. (2.41)). According to the two requirements discussed
at the beginning of section 4.12, one now tries to choose 3 in such a way that the
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4. The Numerical Renormalization Group (NRG)

following inequalities hold:

_ -1 _ 1
EME) < B < ez & [ENG)] >8> [eEMe)] | (1269)
—_——— —_——
>1 ~0.1

In the simplest case, 3 is also taken to be independent of the twist parameter z.
Through E32(z), the choice of 3 depends on the discretization parameter A if a
fixed number of states is kept in each step (cf. p. 408 of Ref. [BCPO08]). The
inequalities (4.269) leave a certain (limited) freedom when defining 3. Because of
the typical values of EI(HIIQ (z) and 51(11]\;,)((@ quoted above, a reasonable choice of 3
usually is (cf. table XI of Ref. [Wil75], p. 1010 f. of Ref. [KmWW80a], p. 1045

of Ref. [KmWW80b], and p. 408 of Ref. [BCP08§]):

Bel04,1]. (4.270)

By undoing the rescaling of the truncated Hamiltonians (cf. Eq. (4.233)), the
physical temperature T (or inverse thermal energy Sy ) in step N of the iterative
diagonalization is found to be:

1 WTN,1
kTN n 5 . (4.271)
Because of the N-dependence of the rescaling factors 7y_1, the temperature also
becomes dependent on the maximal lattice site index N of the chain fragment in
step V. As a result, we effectively assign a certain temperature to a chain fragment
of a certain length. Since the rescaling factors are related to the exponentially de-
clining hopping parameters (i.e., Tnv_1 ~ tn_1,/W), Eq. (4.271) implies that the
effective temperature also decreases exponentially along the Wilson chain towards
the open end. The choice of the maximal lattice site index n,,x of the considered
chain fragments thus determines the lowest temperature for which observables can
be calculated.

If the rescaling factors 7y_1 were contingent on the twist parameter z, then T
would also depend on z according to Eq. (4.271) (unless § was chosen in such
a way as to compensate the z-dependence of 7n_1). z-averaging, however, aims
at taking the mean value of observables calculated for different z-values at fized
temperature ([BCP08], p. 411). z-independent rescaling factors thus technically
simplify a z-averaging because one has the same set of temperatures {T} for
all considered z-values. Nevertheless, using some kind of interpolation, it would
still be possible to perform a meaningful z-averaging in case of z-dependent (i.e.,
possibly optimized) effective temperatures. Since the condition (4.269) still leaves
a certain freedom when choosing /3 (i.e., when assigning a temperature Ty to a
step N), the question remains as to whether such an “optimized” z-averaging leads
to any appreciable improvement of the results.

What happens if 3 is chosen incorrectly?
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4.13. Calculation of thermodynamic observables

1. If B is taken too large, i.e., if the temperature is effectively too low, observ-
ables calculated for a single z-value can be expected to show pronounced
oscillations as a function of temperature, even for discretization parameters
as “small” as, e.g., A = 3.

2. If § is chosen too small, i.e., if the temperature is effectively too high, observ-
ables can deviate significantly from the correct result because of the missing
high-energy states. Without the exact result, however, this might not be
obvious so that it could be more dangerous to take § too small.

As long as the above condition (4.269) is fulfilled, there is no reason not to assign
several temperatures to a single step of the iterative diagonalization via a set of
values {B_Z} (cf. p. 1045 of Ref. [KmWWS80b]). On the contrary, this can help
to ensure that the temperature in a certain step is chosen correctly (i.e., neither
too low nor too high): As with all other numerical parameters, the calculated
observables should only weakly depend on /3. In this particular case, this means
that the data points obtained from a set of values { B_Z} all have to lie on the same
smooth curve.

There is an estimate for the error that results from neglecting the semi-infinite
remainder of the Wilson chain. It is obtained by treating the coupling term that
connects the considered and neglected part of the chain in perturbation theory.
For the magnetic susceptibility, such a calculation shows that the error is of order
O(B/A) (see p. 1010 and appendix F of Ref. [KmWWS80a]). It thus becomes
smaller for higher effective temperature (washing out the low-energy spectrum
that is significantly modified by the remaining part of the Wilson chain) and larger
discretization parameter (reducing the relative strength of the coupling term).

4.13. Calculation of thermodynamic observables

Having identified a set of suitable temperatures {T}Q}, we can use the approximate
energy spectrum obtained in step IV, which comprises a relatively small number of
eigenvalues of the order of a few thousand, for the calculation of thermodynamic
observables. These are meant to resemble the quantities that would result for the
considered temperatures {T}\,} in a hypothetical calculation taking into account
the full Wilson chain. As a reminder, thermodynamic expectation values are
determined with respect to the grand-canonical ensemble for the chosen value of
the chemical potential pichem. Since the chemical potential is absorbed into the

Hamiltonian according to the definition (2.16), the eigenvalues {5((3 )M)(z)} of
H ) (z) already include the effect of the term —pichemN

~ Wilson ~ "

4.13.1. The concept of an “impurity contribution”

When defining observables, there are at least three important aspects to consider:
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4. The Numerical Renormalization Group (NRG)

1. The interaction between impurity and conduction electrons is not negligibly
small. The two subsystems are therefore not weakly coupled. As a result,
certain observables such as the entropy are not additive, i.e., the total entropy
is not simply the sum of entropies of the subsystems. In this sense, there is
no “entropy of the impurity”.

2. We are interested in a system with an arbitrarily large number of lattice sites
L that is mapped onto the semi-infinite Wilson chain. Unless observables are
properly normalized (e.g., by considering the contribution per lattice site) or
suitable differences are calculated, the limit L — oo is, in general, not well
defined.

3. In an experimental study of, e.g., magnetic ions in a metallic host, it might
be difficult or even impossible to directly measure properties of the impu-
rity atoms. However, for, e.g., atoms and molecules deposited on a suitable
substrate, certain impurity properties are directly measurable (see the intro-
duction of the paper included in chapter 8).

It is for these reasons that one usually takes a pragmatic approach by con-
sidering “impurity contributions to thermodynamic observables”. The impurity
contribution Oimp(T, B) to an observable O(T, B) is defined in the following way:

Oimp (T, B) = Owith impurity (T7 B) _ Owithout impurit}’(T’ B) . (4272)

total total

Such a quantity is meant to reflect the changes in an observable due to the pres-
ence of the impurity. Conceptually, one would have to perform two measurements:
one for a system with impurities (whose mutual interaction has to be sufficiently
small so that a description using a single-impurity model is possible) and one for
a comparable “clean” system. The results would then be subtracted in order to
compare them with the corresponding impurity contribution. In principle, the
quantity Or;/tzllmpumy(T, B) can be calculated analytically since the system with-
out impurity is non-interacting. However, it is more convenient to determine this
quantity numerically, too, by using NRG and removing the impurity part from
the Wilson chain. This could even improve the quality of the obtained results
since there is the prospect that similar numerical errors cancel when calculating

the difference (4.272) (cf. p. 56 of Ref. [Zit07]). Note that it is necessary to
determine O&{Zlimpurity (T, B) for each value of the magnetic field B if the g-factor
of the electrons is non-zero (on the other hand, for g. = 0, the quantity does not
depend on B at all).

In principle, all impurity contributions can be calculated by taking suitable

derivatives of the impurity contribution to the free energy Fimp (or, equivalently,
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the grand-canonical potential?):

Zwith impurity T.B
(T, )). (4.273)

Zw/o impurity(T’ B)

Fmp(T, B) = —kpT 111(

Here, Z(T, B) is the grand-canonical partition function. Although it seems to
be a good idea to consider alternatives before calculating numerical derivatives
([BCPO08], p. 408), determining impurity contributions by numerical differentiation
of Finp, is nevertheless possible (see, e.g., [MWCI12]).

Note that thermodynamic expectation values of impurity operators can also
be calculated using NRG (as an example, we discuss the calculation of the im-
purity magnetization in Sec. 4.13.4). Such local observables are valuable since
they directly reflect the properties of the impurity in contact with the conduction
electrons.

4.13.2. Definitions of the considered observables

For the calculation of thermodynamic expectation values, we introduce the grand-
canonical partition function,

2(T, B) = tr | (HB—raenl) | (4.274)
and the grand-canonical density operator:

_6<£I(B)_Hchem{y>

Z(T, B)

p(T,B) = (4.275)

In this thesis, the following thermodynamic observables with standard definitions
are considered:

1. Entropy S(T, B):

OF(T,B)
ar |,

= —kp (In p(T, B)) = —kp tr [Q(T, B)ln p(T, B)

S(T,B) =

(4.276)

. =kpB{H(B) — pichemN) + kpIn Z(T, B) .

2As the grand-canonical potential, F' depends on the chemical potential pchem, i€, F =
F(T, B, fichem)- Since the particle-hole symmetric case is exclusively considered in this thesis
(i.e., the chemical potential is always assumed to be zero), we omit the dependency on fichem
in the following.
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2. Total magnetization M (T, B):

M(T,B) = 55

OF(T,B)

T

(4.277)

=...=—uB (geSiota + 9557)

i —gspUB <§§otal> .

As an alternative, one can introduce a magnetization operator (cf. p. 9 of
Ref. [NR09]),

u OH(B)
== 4.2
V=-—", (4.279)
and take its thermodynamic expectation value:

M(T,B) = <]\N/[> . (4.279)

On the one hand, the total magnetization thus reflects how the free energy
changes upon a variation of the magnetic field and, on the other hand, it is
the average magnetic moment of the system for given 7" and B. Note that
the magnetization operator and therefore also the magnetization are additive
quantities, making it possible to define an impurity magnetization (see Sec.
4.13.4).

3. Magnetic susceptibility x(T, B):
OM(T,B 0°F(T, B
T T (4.280)

9295 = (gsuB)*B [<(§tzota1)2> —(s

z
total

]

For vanishing magnetic field, the expression obtained for equal g-factors is
a special case of the fluctuation-dissipation theorem (see, e.g., p. 23 of Ref.
[NR09]), which relates the response to an external perturbation (in this case,
the magnetic field) to unperturbed random fluctuations of the system (here,
to fluctuations of S7,). Since the average magnetic moment in zero field
vanishes, a simplified equation holds for the zero-field susceptibility:

e= . \2
X(T. B =0) " =" (g515)*B {(Siorm) ) - (4.281)

4. Effective magnetic moment peg(T, B):
pea(T, B) = kgTx(T, B) . (4.282)
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In particular, for a free spin S, we have the following result, which corre-
sponds to the well-known Curie law:

Ngff(Tv B=0)= Ngff

— (gs15)*((5%)°) = (9518)*(S?)/3 = (9spr)>S(S +1)/3 .
(4.283)

Note that in case of equal g-factors the above observables can all be calculated
solely by using the quantum numbers S((g )M)(z) and My of the eigenstates of

N
%%Vi%son(z)'

4.13.3. Calculating impurity contributions

To begin with, we need to determine the partition function in step N for the
temperatures {T% } that result from the set of values {/3; } according to Eq. (4.271).
As an approximation to the “true” partition function (describing the properties
of the full semi-infinite Wilson chain), that can be used when calculating either
impurity contributions or local observables, the following quantity is considered:

ZWN(Ty, B;2) = tr [efﬁ}i\’gi’azﬁ’“@} =tr {efWTN_lﬁ’i\’gg’IVViL”“(Z)/WTN_l}

= tr [G_Bl,}i%\gsc’“(zq ~ Z e_Bf’g((g,)M)(z) . (4284)

QN,Mn;
(Er)n

Note that the Hamiltonian of the Wilson chain Hwiison(2) from Eq. (4.227) im-
plicitly depends on the magnetic field B (via the hopping parameters and on-site
energies) so that all quantities derived from it, such as Z(V) (T, B; z), also become
dependent on B.

One possibility is to calculate thermodynamic expectation values only with those
eigenstates of %%fson(z) that are kept after basis truncation (cf. p. 406 and 409 f.
of Ref. [BCP08] and p. 18 of Ref. [Cos99]). As an alternative, one can also use
all eigenstates obtained in step N. In case of those thermodynamic observables
that are solely determined by the quantum numbers of the eigenstates, this would
not even significantly increase the numerical cost. However, if matrix representa-
tions of impurity operators are required, which first have to be transformed to the
eigenbasis in step N (see Sec. 4.13.4), the calculation becomes more expensive.
Whether it is beneficial to use all eigenstates when investigating the thermody-
namics, ought to depend on how well the condition (4.269) is fulfilled if only the
retained states are taken into account.

Resetting the groundstate energy to zero after each step of the iterative diag-
onalization does not affect thermodynamic expectation values. We may thus use

07;[%%50“(2) instead of 7;[5,{,\350“(2') This is even preferable since all eigenvalues of
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H%Z\XLOH( ) are non-negative so that the occurrence of exponentials with large pos-
itive arguments, which can cause a numerical overflow, is avoided when evaluating
traces.

According to the definitions (4.276) to (4.280), the approximate eigenstates of
H%{,\RSOH( ) are used to calculate the following provisional approzimations to the
total entropy, the total magnetization, and the total susceptibility, respectively:

S(Ty,B;z) _
kg -
( ) .
W > EQM f@n® 4 ln(Z(N)(T}v,B;z)) ;
( QN7MN7
(Er)N
M(T}, B; 2) ge =9s
gspB
- - Z Mye~ £o, M>(z)
Z(N )(T}V,Bz 05
(&r)n
kBTIiVX(TIiV,B;Z) Je igs
(9spmB)?
; 2
2 -~ ()  (M(Ty,B;z)
Z(N)(TZ B;2) Z My Fidao ( gsiB
N> QN,MN,
(Er)N

(4.285)
Note that the above quantities can all be determined without requiring the actual
value of T or (%. For the calculation of x(T%, B;z), however, one would need
the temperature T}, that follows from Eq. (4.271) for the respective f3;.

The truncated Wilson chains display an even-odd effect, i.e., their properties
depend on whether the number of lattice sites is even or odd. As a consequence,
observables calculated as a function of temperature for a single z-value show os-
cillations. In order to smooth these oscillations, an even-odd average for the given

twist parameter z can be performed using, e.g., a linear interpolation (see p. 409
of Ref. [BCP08)):

. 1 , ,
Oeven-+todd(T'n, B; ) = 5 O(Ty, B;2) + O(TN_4, B; 2)
N O(Tk41.B;2) —O(Tk_1, B; 2)

TJZ\/+1 - T;V—l

(T = Tx-1)

(4.286)
If more than one temperature is assigned to a single step of the iterative diagonal-
ization, one could also use some higher-order interpolation between even and odd
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lattice sites. An improved value of x(T%, B; z) can be obtained by first optimiz-
ing kT4 x(Tk, B; 2), which contains only j3; according to Eqs. (4.285), and then
dividing the result by kpT%,.

After calculating the desired quantities for all N, considered values of the twist
parameter z (both for the system with and without impurity), the final NRG
approzimation for the impurity contribution Oimp(Th, B) is determined as:

i 1 with impuri 1 w /o impurit; i
OimP(T’]Z\/'7 B) = N, § : |:OGVZH+O(§)CI ty(T}z\/V B; Z) - Oev/enJrogd y(TN’ B7 Z>:| .
=

(4.287)
Note that, in general, some observables are more difficult to calculate than others.
For example, numerical parameters that are sufficient for determining Ximp might

not allow to obtain a satisfactory result for the impurity contribution to the specific
heat (see p. 409 f. of Ref. [BCPO0S]).

4.13.4. Calculating local observables: The impurity
magnetization

Analogous to Eqs. (4.278) and (4.279), we define the impurity magnetization
M(T, B) (compare the definition (2.52) of the impurity Hamiltonian Himp(B)),

OHimp(B)
M(T,B) = _<NaB> = —gsup(S*) . (4.288)

which is related to the total magnetization M (T, B) according to Eqgs. (4.277):

M(T,B) = M(T,B) — ge/f“3<,‘ztzotal> : (4289)
Since the impurity operator S* alone is no conserved quantity of the Kondo

Hamiltonian, the calculation of the impurity magnetization M in step IV of the
iterative diagonalization requires matrix elements of S* with respect to the eigen-

states of ﬂ%fson (2):

. 7. o(N)
M(T}V,B;Z) (N) (N) eiﬁ“"‘(Q,M)(Z)
—_— - A AQ, M;(E,7)] S%|Q, M; (E,r s
gstip QN%;N;( )¢ €l £l € ZMN)(Ty, B; 2)
(S,T)N

(4.290)
The final NRG approzimation for a local observable such as the impurity magneti-
zation is obtained in a similar way as for an impurity contribution (cf. Eq. (4.287)):

. 1 .
M(T]l\hB) = FZMevenJrodd(T]Z\]yB;Z) . (4291)
“ =
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Calculations for a system without impurity are, of course, not necessary in this
case.

How to determine the required matrix elements

If the calculation of a thermodynamic expectation value requires matrix elements
of an impurity operator (such as S§*) with respect to the eigenstates of the Hamil-

tonians %%fson(z), they have to be determined in each step N of the iterative
diagonalization using information from the previous step N — 1.

Let us assume that the following matrix elements of S* with regard to the
eigenstates from step N —1 are known for all combinations of the quantum numbers

(QN—1,Mn_1):

(N-1)

7@ M (E,7)| §7|Q M (€,17)) )

(2)
Only these matrix elements can be non-zero since S* shares the symmetry prop-
erties of the Hamiltonian ’}N{g\xgir{(z), ie., [5%, 8% 1] = [5%, Qn-1] =0. We now

want to calculate the matrix elements required in step N:

(N)

QM (€. 87]Q. M3 (€)Y -

(4.292)

Basically, this is done in the same way as for the creation operators fj\,u(z) (see

Sec. 4.11.3). However, there are two differences:

1. Since S* “respects” the U(1) symmetries of the Hamiltonian, the calculations
are carried out in subspaces (Qn, My).

2. For the calculation of the matrix representation with respect to the product

basis {|Q,M; (S,r)N,l,i)Ei\;)} in step N, we need matrix elements with

regard to the eigenstates ‘Q, M; (€, r)>g_1) from the previous step.

Because an impurity operator does not affect the newly added lattice site, we
have

QM3 (v §° QAL (E )y ) =

) N) -
Ei\;)<QaM§(gﬂ”)N_1,Z ) s

( (4.293)
S* ‘QaM; (5/77“/)N—1"’;>(Z) Oij s

and, with the definition (4.241) of the product basis states, the potentially non-zero
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matrix elements are obtained as:

St ey = (@M 1157 |Q. M D =
NTQ+1, M |57 |Q +1,M; >g’” ,
S ooy = (o (Q M 2] 8%|Q, M; 20 =
@ (@M= (E I gTIQM -1/ o (4.204)
S5 ey = (@M 3157 |Q. By =
QM 120 0] 7@ M + 120 ETY
Sflg,r)(egm = Ei\;)<Q7M5 74} 57 |Q’M? ’4>g) =
NQ -1, |57(Q -1, M; >g‘” .

The matrix representation of S* with respect to the product basis in a subspace
(Qn, M) thus has the following block-diagonal form:

1 2 3 4 j/i
st 0 o0 0 1
5% 0 82 0 0 2 : (4.295)
0 0 8% 0 3
0O 0 0 S% 4

Each block 8% is symmetric since S* is Hermitian with real-valued matrix el-

ements. As discussed for the creation operators f}f\,u(z), the matrices of kept

eigenvectors UV+2) (Q, M) are used to transform the representations (4.295) to the
retained part of the eigenbasis of /ﬂ%%son(z) (compare Eqs. (4.265) and (4.266), as
well as Fig. 4.7), in order to determine the required matrix elements (4.292). For
the evaluation of traces, only the diagonal elements (i.e., € = £ and r = 1’) are
necessary. Setting up the matrix representations (4.295) in the next step, however,
also requires the non-diagonal elements from the current step.

Note that an “update” of the corresponding matrix representation, which has
been illustrated in this section using the example of 5, has to be separately carried
out for each impurity operator for which thermodynamic expectation values are
supposed to be calculated.
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5. Application: The single-impurity
Kondo model in zero magnetic
field

As a first application of the NRG method described in detail in chapter 4, we
now study the temperature dependence of typical impurity contributions to ther-
modynamic observables (such as entropy and magnetic susceptibility) for the
single-channel single-impurity Kondo model without external magnetic field. The
exchange-isotropic Kondo model with impurity spin S = 1/2 was considered by
Wilson when he introduced the Numerical Renormalization Group [Wil75] (also
compare Ref. [KmWW75]).

After discussing the special case of a spin-1/2 impurity (which is completely
screened by a single conduction electron channel at zero temperature) in Sec. 5.1,
we investigate Kondo models with larger impurity spin in Sec. 5.2. For S > 1/2,
so-called underscreening occurs: The impurity spin is only partially compensated
by a single electron channel and there is a non-zero magnetic moment at 7' = 0
corresponding to a residual spin S — 1/2.

The temperature dependence of the observables considered for the Kondo model
with S = 1/2 is used to illustrate the meaning of the Kondo temperature and the
associated concept of universality (see Sec. 5.1.1). In Sec. 5.1.2, as a test of
the NRG calculations for S = 1/2, we furthermore compare with quasi-exact
results for the entropy and magnetic susceptibility in the universal (or scaling)
regime that have been obtained as part of the Bethe ansatz solution of the Kondo
problem. Finally, generalizations of the Kondo Hamiltonian involving either ad-
ditional potential scattering or exchange anisotropy of XXZ-type are studied in
Secs. 5.1.3 and 5.1.4, respectively. Both modifications are known to lead to the
same low-temperature strong-coupling fixed point which is found for the standard
exchange-isotropic Kondo model. We consider them here since they are related to
an effective pseudo-spin-1/2 Kondo model that is used in the paper included in
chapter 8.

5.1. Complete screening of an impurity spin S = 1/2

Let us begin with a discussion of the temperature-dependent properties of the
Kondo model with impurity spin S = 1/2 and antiferromagnetic exchange coupling
J > 0 in zero magnetic field B. Note that in this thesis only the case of a
conduction band with a constant density of states is considered. We comment on

113



5. Application: The single-impurity Kondo model in zero magnetic field

the choice of a constant DOS at the end of Sec. 5.1.2. In order to be properly
normalized in accordance with the definition (4.6), a constant DOS has to take the
value p = 1/2W, with W being the half-bandwidth of the electrons. Furthermore,
we implicitly assume that the g-factors of electrons g. and impurity spin gg are
equal. Since the magnetic field vanishes, the value of g. does not appear in the
actual calculations and thus does not change the results. Nevertheless, the quantity
that is calculated according to the last line of Egs. (4.280) can only be interpreted
as the total magnetic susceptibility if the g-factors are equal.

Fig. 5.1 shows the impurity contributions (introduced in Sec. 4.13.1) to the
entropy Simp, the effective magnetic moment! kg7 Ximp, and the magnetic suscep-
tibility Ximp as a function of temperature for three values of the coupling strength
pJ < 1. Simp(T)/kp is a measure of the effective number of degrees of freedom
which the impurity spin possesses at the temperature T'. As illustrated for a free
spin by Eq. (4.283), kT Ximp(T') provides information about the temperature-
dependent “effective magnetic moment” of the impurity. Lastly, the zero-field
susceptibility Ximp(T') describes the linear response of the impurity contribution
to the magnetization, which is studied in chapter 8, to an applied magnetic field
(compare the definition of x (7, B) in Eq. (4.280)).

At high temperature, electrons and impurity progressively decouple. In ac-
cordance with the definition (4.272) of an impurity contribution, the entropy
Simp(T)/kp, which is presented in Fig. 5.1 (a), hence approaches the correspond-
ing high-temperature value of a free spin S = 1/2 (i.e., In(2S+1) = In2) for
kT /W — co. Below a characteristic temperature, which can be identified with
the Kondo temperature Tk as demonstrated in Sec. 5.1.2, the impurity contri-
bution to the entropy enters the “low-temperature” regime. The characteristic
temperature scale depends on the coupling strength and decreases for smaller val-
ues of pJ. In the limit of zero temperature, Siyp/kp vanishes. This result indicates
that the impurity effectively has no remaining degrees of freedom at 7' = 0. We
thus say that the conduction electrons have screened the impurity spin.

Fig. 5.1 (b) shows kT Ximp(T)/(gspp)?. For temperatures that are large com-
pared to the Kondo temperature, the effective magnetic moment tends to the
respective (temperature-independent) value of a free spin-1/2 (i.e., 1/4 according
to the Curie law expressed by Eq. (4.283)), again because of the increasing de-
coupling of electrons and impurity. Note, however, that this limiting value is only
asymptotically reached since there are slowly declining logarithmic corrections (see
Sec. 5.1.1 and, in particular, Eq. (5.2)). As already observed for the impurity con-
tribution to the entropy, a crossover occurs at a certain temperature that depends
on the coupling strength. In particular, kg7 Ximp vanishes for T' — 0, revealing
that the impurity is no longer magnetic at zero temperature because its magnetic
moment is screened by the conduction electrons. This interpretation is consistent
with the zero-temperature limit of Simp/kp as discussed above.

The impurity contribution to the magnetic susceptibility plotted in Fig. 5.1 (c)

INote that in the following we also refer to kpT'Ximp as the “effective magnetic moment” of the
impurity even though, strictly speaking, it is the square of the effective moment according to
the definition (4.282).
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Figure 5.1.: Impurity contribution to (a) the entropy, (b) the effective magnetic
moment, and (c) the magnetic susceptibility as a function of temper-
ature for impurity spin S = 1/2, B = 0, a constant density of states
p = 1/2W, and three values of the coupling strength pJ > 0. The
curves are the result of a spline interpolation through the numerically
obtained data points. Calculations have been carried out using the
discretization scheme by Zitko and Pruschke with an enforced energy
gap of 0.01 and the following parameters: A = 3, Nieep = 5000,
5 =0.7,and z = 0.25,0.5,0.75, 1.
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goes to a finite and non-zero value for temperatures below Tx. This limiting
value depends on the coupling strength and increases upon reducing pJ. A free
spin is described by a zero-field susceptibility that diverges for T'— 0 and is thus
completely polarized by any non-zero magnetic field at T = 0. In contrast, even
at zero temperature, the impurity contribution to the magnetization My, (T, B)
grows linearly with increasing (small) magnetic field (see chapter 8). According
to the definition (4.280), the slope of M, (T = 0, B — 0) is given by the limiting
value Ximp(T' — 0,B = 0), which is larger if the coupling strength, and thus
also the Kondo temperature, is smaller. In particular, this slope diverges in the
limit pJ — 0 and the Curie behavior of a free spin with S = 1/2 is recovered.
Furthermore, at temperatures that are large compared to the Kondo temperature,
the Curie law describing a free spin-1/2 is also asymptotically restored and, as a
consequence, Ximp(T') vanishes for kgT /W — oo.

5.1.1. Kondo temperature, universality, and Fermi liquid theory

For a flat conduction band with a constant DOS p(e) = p and € € [-W, W], the
usual estimate for the order of magnitude of the Kondo temperature Tk in case
of small coupling strength pJ < 1 is given by (see p. 835 of Ref. [Wil75], Ref.
[KmWW75], and p. 1025 of Ref. [KmWW80al):

kpTw /W ~ /pJe /P (5.1)

According to this expression, the dependence of Tk on the dimensionless quantity
pJ is non-analytic for pJ = 0.

The result (5.1) can, e.g., be obtained by carrying out a perturbative Renor-
malization-Group-based approach for the weak coupling regime pJ < 1, known
as Anderson’s poor man’s scaling [And70], to third order in pJ (see p. 58 ff. and
appendix D of the book [Hew93]). In second order, one gets the less accurate
estimate kpTx /W =~ e~'/¢/ ([Hew93], p. 62). In a poor-man’s-scaling calcula-
tion, the Kondo model is approzimately mapped onto an effective model of the
same structure, which is valid on a reduced energy scale, with a renormalized or
“running” exchange parameter J (cf. p. 58, 61, and 64 of Ref. [Hew93]). A
stepwise perturbative elimination of electronic states near the upper and lower
band edge results in a certain scaling equation that describes the renormalization
flow of J when the energy scale is lowered. It turns out that in the weak-coupling
regime the scaling trajectories of the Kondo model are fully characterized by a
single scaling invariant which is identified with the Kondo temperature (see Ref.
[And70] and p. 62 of Ref. [Hew93]). This is a statement of wuniversality: The
parameters of the original Hamiltonian (i.e., W, p, and J) are absorbed into the
energy scale kpTk (note that the parameter dependence of Tk has to be estab-
lished for each particular problem, see Secs. 5.1.3 and 5.1.4), which then uniquely
determines the low-energy properties of the model ([Hew93], p. 62 and 64). In
particular, thermodynamic observables in the weak-coupling (or scaling) regime
are described by universal functions of the variable T/Tk (cf. p. 332 of Ref.
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[AFL83] and p. 62 of Ref. [Hew93]). Certain generalizations of the Kondo Hamil-
tonian are known to preserve the universal properties so that the thermodynamic
behavior in the scaling regime is still given by the same universal functions (in this
sense, the “universality class” of the Kondo model is unchanged). This is, e.g., true
for additional potential scattering (discussed in Sec. 5.1.3) and for an exchange-
anisotropic interaction (see Sec. 5.1.4 and note that Anderson originally studied
the exchange-anisotropic Kondo Hamiltonian [And70]). In case of isotropic ferro-
magnetic coupling, the poor man’s scaling can be continued to_arbitrarily small
energy scales, with the result that the renormalized coupling J vanishes in this
limit ([Hew93], p. 64). In contrast, for antiferromagnetic interaction 0 < pJ < 1,
J eventually increases upon further reducing the energy scale so that at some
point the running coupling can no longer be considered as small and the pertur-
bative scaling loses its justification ([Hew93], p. 61 f.). In a calculation to second
order, the renormalized exchange interaction even diverges at the energy kpTy
(the “true” scaling trajectories, however, ought to give a finite value of J for any
non-zero energy; cf. p. 64 f. of Ref. [Hew93]).

The Kondo temperature can also be related to perturbative weak-coupling ex-
pansions of thermodynamic observables such as the impurity contribution to the
zero-field magnetic susceptibility Ximp(Z'). As shown by the poor-man’s-scaling ap-
proach, it is only possible to treat the coupling strength pJ as small in the regime
of high temperature. For this reason, a perturbation series in pJ for pJ < 1 effec-
tively corresponds to a high-temperature expansion (see p. 64 of Ref. [Hew93]).
This becomes evident by the appearance of terms that logarithmically depend on
the temperature and lead to a breakdown of perturbation theory for T'— 0 (see
p. 811 of Ref. [Wil75] and p. 47 ff. of Ref. [Hew93]). Furthermore, a sum-
mation of logarithmically divergent terms in leading order produces singularities
at a non-zero temperature kg7 /W = e~ /77 which is to be compared to Eq.
(5.1) ([Hew93], p. 49). In his original article, Wilson managed to extend existing
second-order results for the weak-coupling expansion of Ximp(T) (see, e.g., p. 47
of Ref. [Hew93]) to fourth order in pJ ([Wil75], p. 830). Such a calculation also
allows to obtain the above estimate (5.1) for Tk (see below and also compare p.
835 of Ref. [Wil75]).

The Kondo temperature as the high-temperature perturbative scale can be pre-
cisely defined by requiring that the high-temperature expansion of the susceptibil-
ity does not contain terms of order 1/In*(T/Tk) (see Ref. [FL82], p. 333 of Ref.
[AFL83], and p. 88 f. of Ref. [Hew93]). With this “normalization condition”,
one finds the following asymptotic series for ximp(T) (see Refs. [AL81, FL82], p.
333 and 364 of Ref. [AFL83], p. 459 and 494 of Ref. [TW83], and p. 88 of Ref.
[Hew93)):

Ximp(T > TK,B = O,S: 1/2) =

(9spB)? 1 Inln(T/Txk) (5.2)
4kpT (1 - In(T/Tx) 2In?(T/Tk) T ) ’
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This equation describes how the impurity spin becomes asymptotically free for
T/Tx — oo so that its susceptibility Ximp(T, B = 0) approaches the Curie law
for a free spin-1/2 (i.e., kT Ximp(T, B =0)/(9spup)* = <(§Z)2> =1/4). Wilson’s
great achievement was to come up with an approximate numerical method for
the investigation of the Kondo model in the regime T' < Tk [Wil75], which is
not accessible by perturbation theory. The invention of NRG made it possible for
the first time to calculate thermodynamic observables over the whole temperature
range. In particular, Wilson was able to relate the Kondo temperature Tk as
appearing in the high-temperature expansion (5.2) to the low-temperature limit
of the susceptibility (cf. Fig. 5.1 (c)), which reflects the strong-coupling behavior
of the Kondo model (see p. 835 of Ref. [Wil75] and p. 89 of Ref. [Hew93]):

(9spB)*w

Ximp(T < Tg,B=0;S=1/2) = Yo

(5.3)

Here, w is a universal number with the numerical value 0.4128 + 0.002 ([Wil75],
p. 835), which has been named Wilson number ([Hew93|, p. 90). Eq. (5.3) is
sometimes also referred to as “Wilson’s definition of the Kondo temperature”.

Later, an exact expression for w could be derived in the context of the Bethe
ansatz solution of the Kondo model (cf. Sec. 5.1.2). In case of impurity spin
S = 1/2, the Kondo temperature can also be defined as the strong-coupling (or
low-temperature) scale in the spirit of Eq. (5.3) (note that this is not possible
for S > 1/2 as discussed in Sec. 5.2). Let us call this quantity T7,. As possible
definitions of T, (modulo the additional factor 1/2) we then have (see p. 579 and
590 of Ref. [TW83], and compare the scale Ty in Refs. [AL81, FL82] and on p.
333 and 355 of Ref. [AFL83])

1 (gspB)?
wp(T=0,B=0;8 =1/2) = = ISHB) 4
or ([Hew93], p. 155)
_ PP _ (gspuB)?
Ximp(T =0, B = 0:5 =1/2) = “7020 (5.5)

With the latter definition (5.5), the Wilson number w is the universal ratio of the
two scales Tk and Ty,

=7,

and is given by (see Refs. [AL81, FL82], p. 368 f. of Ref. [AFL83], p. 591 f. of
Ref. [TW83], and p. 155 of Ref. [Hew93]):

w (5.6)

efy+1/4

w =
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Here, v =~ 0.577216 is Euler’s constant, yielding a numerical value w ~ 0.41071
that is consistent with Wilson’s NRG result quoted above.

For small antiferromagnetic couplings pJ, there is an implicit equation with
a certain universal function ®(y) that relates the zero-field susceptibility to a
quantity called effective bandwidth W(pJ ) for thermal energies much smaller than
the bandwidth W, but much larger than the Kondo scale kpTk (see p. 830 of Ref.
[Wil75], and also compare Ref. [KmWWT75], p. 1025 of Ref. [KmWW80a], and p.
501 of Ref. [TW83]):

®(4kpTximp(T)/(gsnp)* — 1) = ®(pJ) + W(kpT/W(pJ))  (5.8)
=In(T/Tk(pJ)) , (5.9)

with the Kondo temperature (cf. p. 835 of Ref. [Wil75]):

EnTi (pd) = W(pJ) exp(~ @(pJ)) (5.10)

The effective bandwidth divided by W has a non-universal power-series expansion
in pJ [Wil75, KmWW75, KmWW80a]. Furthermore, for small arguments, there
is the following approximation for the function ®(y) [Wil75, KmWW80a, TW83]:

By) = 1~ 5 lulyl + Ol) (511)

Inserting the expansion (5.11) into the expression (5.10) for Tk and using ,I/I\;(pJ) 2
W, we obtain the standard estimate for the Kondo temperature from Eq. (5.1).
At low temperatures T' < Tk close to the strong-coupling fixed point, the phys-
ical properties of the spin-1/2 Kondo model are captured by an effective theory
proposed by Nozieres [Noz74]. This description takes for granted that the effective
exchange coupling between electrons and impurity becomes infinitely large at the
strong-coupling fixed point so that the impurity spin is frozen in a singlet with
an electron at the zeroth site of the Wilson chain (cf. Ref. [Wil75] and p. 87 of
Ref. [Hew93]). Although for non-zero temperature 0 < T' < Tk (or finite effective
coupling) this singlet is still expected to be very stable, certain virtual excitations
become possible [Noz74]. This renders the singlet “polarizable” and causes it to
act as a local scattering center for the remaining conduction electrons, thereby
mediating effective interactions between them [Noz74]. In order to formalize this
physical picture, a variant of Landau’s Fermi liquid theory can be used. A Fermi
liquid description rests on the assumption that there is a direct relation between
the low-lying excitations of the interacting system and the excitations of the same
system when the interaction is switched off (cf. Ref. [Noz74] and p. 103 of Ref.
[Hew93]). From a technical point of view, the energies of excited states of the in-
teracting system can be expressed as series expansions in the “occupation numbers
of quasiparticles” ([Hew93], p. 103). Since the scattering with the singlet induces
interactions between the remaining conduction electrons, these expansions have to
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include at least the leading non-linear (i.e., quadratic) term. The expansions of
the excitation energies comprise free coefficients (whose number can typically be
restricted by symmetry considerations) which characterize the quasiparticles and
have to be suitably parameterized ([Hew93], p. 104 f.). This makes the whole ap-
proach phenomenological. Physical quantities such as the free energy are defined
as functionals of the occupation numbers of quasiparticles, which are regarded as
variational parameters ([Hew93], p. 104). Minimizing the free energy with respect
to these occupation numbers gives access to the low-temperature thermodynamics
so that observables such as the specific heat and the magnetic susceptibility can
be calculated for T' <« Tx. In particular, Ximp is found to be constant (compare
Fig. 5.1 (c¢), and see Ref. [Noz74], p. 505 of Ref. [TW83], and p. 107 of Ref.
[Hew93]). In his original article, Noziéres characterized the quasiparticles by an
energy and an elastic-scattering phase shift (for a Fermi liquid, in contrast to a
non-Fermi-liquid, the inelastic-scattering cross section vanishes at the Fermi level
[MACT05]). The free parameters of the theory were then determined by a com-
parison with Wilson’s numerical results. In summary, the low-energy excitations
of the spin-1/2 Kondo model correspond to fermionic quasiparticles with rela-
tively weak interactions ([Hew93], p. 105 and 109) that form a local Ferms liquid
[BCPOS].

5.1.2. Comparison with the Bethe ansatz solution

The isotropic Kondo Hamiltonian (with arbitrary impurity spin) can be exactly
diagonalized by a method based on the so-called Bethe ansatz [TW83, AFL83,
Hew93]. A brief overview of the approach and its restrictions is given in chapter
7. For the moment, note that conduction electrons and impurity are assumed to
have the same g-factor and that the Bethe ansatz solution is concerned with the
scaling or universal regime in which all relevant energy scales (such as thermal en-
ergy and Zeeman energy) are small compared to the bandwidth of the conduction
electrons. This regime is characterized by a single energy scale (corresponding to
the Kondo temperature Tk ) and the temperature dependence of impurity con-
tributions to thermodynamic observables in zero magnetic field is described by
universal functions of the variable T'/Tk (see p. 332 of Ref. [AFL83]).

In case of zero temperature, the Bethe ansatz approach yields an exact solu-
tion for the field-dependent magnetization in closed form (see chapter 7). More-
over, the exact solution for the eigensystem of the Kondo Hamiltonian allows
for the derivation of a system of equations determining the impurity contribu-
tion to the free energy Finp at non-zero temperature and thus, in principle, the
whole thermodynamics [RLA82, TW83, AFL83]. In general, these equations have
to be solved numerically. Results for the entropy Simp(T/Tk)/kp (for impurity
spin S = 1/2) and for the magnetic susceptibility k5T Ximp(T/Tk)/(g9sp5)?* (for
S = 1/2,1,3/2) are tabulated in Ref. [DS82] and on p. 626 of Ref. [TW83],
respectively. Furthermore, the original NRG results for the effective magnetic
moment kT Ximp(T/Txk)/(9spp)? can be found on p. 1025 of Ref. [KmWW80a).

Fig. 5.2 displays the data shown in Fig. 5.1 in a different way. For each value
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Figure 5.2.: Impurity contribution to (a) the entropy, (b) the effective magnetic
moment, and (c¢) the magnetic susceptibility as a function of the
rescaled temperature T/Tk for impurity spin S = 1/2. These are
the same results as shown in Fig. 5.1 and the Bethe ansatz solutions
are taken from Ref. [DS82] (Simp) and p. 626 of Ref. [TW83] (Ximp)-
Note that the definition (5.4) of the Kondo temperature is used and
that the values of Tk have been calculated according to equation (13)
of Ref. [HS13] (i.e., Ty = /27 /e Tk, cf. chapter 8) by taking the cor-
responding values of the temperature scale Ty (discussed in chapter
7) from table I of Ref. [HS13].
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of the coupling strength p.J, the corresponding Kondo temperature? Ty has been
determined as described in the caption. The obtained values of Tk are used to
rescale the temperature axis, allowing the impurity contributions to the entropy,
the effective magnetic moment, and the susceptibility to be plotted as functions of
T/Tk (note that ximp is additionally multiplied by kgTx ). After the rescaling, the
curves calculated for the different coupling parameters p.J are nearly indistinguish-
able in the plots of Fig. 5.2. This result illustrates the universality discussed in
the previous section 5.1.1. The curves presented in Fig. 5.2 furthermore show that
the crossover to the strong-coupling regime occurs at the temperature T' =~ Tk for
all three considered observables. Having determined the respective Kondo tem-
peratures, the NRG results for small coupling strength pJ < 1 can be compared
to the Bethe ansatz solutions that are obtained in the scaling regime. We find the
agreement of the NRG and Bethe ansatz results to be quite convincing.

Having illustrated the universal thermodynamic properties of the spin-1/2 Kondo
model for a constant density of states, we now briefly discuss the case of an
energy-dependent DOS p(e). To this end, it is assumed that p(¢) can be ex-
panded in powers of £ about the Fermi energy ¢p (as an example, consider the
DOS (4.31) of one-dimensional tight-binding electrons which is plotted in Fig.
4.1 (b)). For the single-impurity Anderson model (which is related to the spin-1/2
Kondo model as discussed in Sec. 2.2.1), it is found that the energy-dependent
non-constant terms in an expansion of p(¢) correspond to irrelevant perturbations
(in a Renormalization-Group sense) about the so-called local-moment fixed point
of the model (see p. 1013 and 1030 of Ref. [KmWW80a] and p. 1080 of Ref.
[KmWW80b]). For the Kondo model, we may therefore expect that the approach
to the low-temperature fixed point for p(e) # const. is similar to the case with a
constant DOS. In particular, a comparable temperature dependence of observables
should be obtained in the scaling regime. Using Eq. (5.1) in order to estimate
the Kondo temperature in case of an energy-dependent DOS, the constant p can
be replaced by the value p(er) of the DOS at the Fermi energy. Note, however,
that the energy dependence of p(e) in general affects the non-universal expansion
of the effective bandwidth W(p] ), and thereby also the value of T (compare Eq.
(5.10), and see p. 1080 of Ref. [KmWWS80b] and p. 104 of Ref. [Zit07]).

5.1.3. Effect of additional potential scattering

Let us consider the following variant of the Kondo Hamiltonian, which includes
potential scattering K at the zeroth site of the Wilson chain (cf. Egs. (4.20) and
(4.22) with B =0, er =0, p(¢) = p = const., and Hiyp = 0):

2We would like to avoid confusion, but the “Kondo temperature” appearing in Fig. 5.2 actually
corresponds to the low-temperature scale T, defined in Eq. (5.4). However, since we have
used the symbol Tk for this quantity in Ref. [HS13] (cf. chapter 8), we do the same at this
point. Furthermore, the scale denoted by T, is also referred to as Tk in, e.g., Ref. [TW83].
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5.1. Complete screening of an impurity spin S = 1/2

1
40183 [ae [ag al© % an(e)] . (512)
1

As discussed in Sec. 2.2.1, a Kondo model with additional potential scattering
appears as a limiting case of the asymmetric (i.e., § # 0) single-impurity Anderson
model according to Eq. (2.26). The electronic part of Hk can be diagonalized by

performing a unitary transformation to scattering states c,,(¢) (see Refs. [Kon68,
CL79b] and appendix C of Ref. [KmWW80b]):

/1 u(€, QeulC), (5.13)

with a complicated generalized function u(&,(). Using this transformation, one
can derive the identity [KmWWS80b]

dgau() = [0 ¢,0). (5.14)

—1

where the phase shift §(¢) is defined by (P denotes the Cauchy principal value):

Le—_

1
meot §(() +77/% = piK . (5.15)
21

Applying transformation (5.13) to Hy, the scattering term is eliminated at the
price of a more complicated interaction term [KmWW80b]:

1
He=w|Y / dCC eh(©)en(0)
m

sind () sind(¢’') 4 .\ Ouw ,
+pIS- Z/dc/c T 0% )| (519)

From a Renormalization-Group point of view, non-constant terms in an expan-
sion of 6(¢) about ¢ = 0 lead to the appearance of irrelevant operators about
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5. Application: The single-impurity Kondo model in zero magnetic field

the low-temperature fixed point [KmWW80a, KmWWS80b] (compare the remark
regarding the choice of a constant DOS at the end of the last section 5.1.2). As
an approximation, one may therefore replace the phase shift by its value §(0) at
the Fermi energy and use:

1
sind(0)\> [ 1 | L1 ¢
( oK ) T sin arccot ; /z (5.17)
L
—
1
= - .1
1+ (mpK)? (5.18)

The substitution 6(¢) — 6(0) results in a Kondo Hamiltonian with an energy-
independent interaction term and an effective coupling strength pJeg (cf. Refs.
[Kon68, TC69, KKH11]):

1
Hemw | Y / d¢C eh(©)en(0)
"

(5.19)

The effective coupling strength can then be used to estimate the order of magnitude
of the Kondo temperature according to Eq. (5.1):

k‘BTK/W ~ \/ pJest e 1/ples (5.20)

Note that the effective bandwidth W introduced in Eq. (5.8) and appearing in
the expression (5.10) for the Kondo temperature in general depends on the ne-
glected non-constant components of §(¢) and thereby on pK (see p. 1080 of Ref.
[KmWWB80b] and compare Sec. 5.1.2).

In Fig. 5.3, NRG results for the impurity contributions to the entropy and the
effective magnetic moment of a spin-1/2 Kondo model with isotropic exchange
interaction pJ = 0.07 are presented for several values of the scattering parameter
pK > 0. Because of the approximation (5.19) for the Kondo Hamiltonian with
additional potential scattering, we expect that identical results would be obtained
for negative values of pK. Plots (a) and (c) of Fig. 5.3 demonstrate that the
crossover to the strong-coupling behavior occurs at lower temperature if pK is
larger. Furthermore, plot (a) reveals that there is a dip in Simp(T")/kp for thermal
energies close to the band edge (i.e., for kT < W). This dip becomes more pro-
nounced for larger scattering parameter. A similar effect, though less noticeable,
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Figure 5.3.: Impurity contribution to (a) the entropy and (c) the effective magnetic
moment as a function of temperature for impurity spin S = 1/2,
isotropic coupling pJ = 0.07, and several values of the scattering
parameter pK > 0. Plots (b) and (d) show the same data as a function
of the rescaled temperature T/Tx. The Kondo temperatures have
been determined as described in appendix D of Ref. [HS13] (by fitting
to an entropy curve with known value of Tk ; see main text and chapter
8) and, as in Fig. 5.2, correspond to the definition (5.4). In plot (e),
the obtained values of kpTk /W are compared with the estimates given
by Eq. (5.20). For the numerical parameters used in the calculations,
see the caption of Fig. 5.1.
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5. Application: The single-impurity Kondo model in zero magnetic field

is also observed in the temperature dependence of the effective magnetic moment.
For each value of pK, as indicated in the caption, the result for Simp(T')/kp has
been fitted to the entropy curve with pJ = 0.07 and kgTx /W ~ 1.80-10~7 shown
in Fig. 5.2, using the Kondo temperature as a fit parameter. In particular, this
means that the definition of Tk corresponds to Eq. (5.4) as before. Using the
obtained Kondo temperatures, the temperature axis is rescaled and the consid-
ered observables are plotted as a function of T'/Tk. After the rescaling, the curves
for the different scattering parameters shown in plots (b) and (d) are virtually in-
distinguishable. This demonstrates that additional potential scattering preserves
the universal properties of the spin-1/2 Kondo model in the scaling regime, in ac-
cordance with the form of the approximate Hamiltonian (5.19). The determined
Kondo temperatures decrease with increasing scattering parameter pK and can be
compared with the estimates given by Eq. (5.20). As illustrated by plot (e), the
approximate expression (5.20) underestimates the obtained values of kpTx /W,
with better agreement for smaller values of pK.

5.1.4. Effect of exchange anisotropy

We now study the thermodynamic properties of the Kondo model (2.17) with
impurity spin S = 1/2 and exchange anisotropy of XXZ-type (i.e., J, = J* = JY,
Jy = J?, and Ji # Jj). For a spin-1/2 impurity, a single conduction electron
channel, J; > 0, and Jj > —J, exchange anisotropy is known to correspond to
an irrelevant perturbation about the strong-coupling fixed point that is found for
isotropic exchange interaction J, = .Jj (see Refs. [And70, SDLO8], p. 594 of Ref.
[TW83], and p. 61 f. of Ref. [Hew93]). An estimate for the Kondo temperature
Tk in the exchange-anisotropic case has been obtained by a poor-man’s-scaling
calculation to second order [RWHSO06b]. For J, > J; > 0, we have [ZPPO8]:

e}
kBTK W = exp (—)
/ el
__arctan-y
o= ~ ) (5.21)

JL)2
v = ( —1.
Jj

Using arctan(iz)/i = arctanh(z), the expression for the case 0 < J1 < J) thus
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5.2. Underscreening of an impurity spin S > 1/2

reads as [ZPPO0S]:

@
kT /W =~ exp(—)
/ pJj
. arctanhv
6= —%— (5.22)

In the isotropic limit J = J; = J), we find vy = 7 = 0, « = a = 1, and
hence kT /W = exp(—1/pJ), which is the perturbative estimate for the Kondo
temperature to second order in pJ (cf. Sec. 5.1.1).

Fig. 5.4 displays NRG results for the impurity contributions to the entropy
and the effective magnetic moment of a spin-1/2 Kondo model (now again with-
out potential scattering) with fixed longitudinal coupling pJ = 0.07 and varying
transverse coupling pJ;. The concept of this figure is similar to that of Fig. 5.3
so that the presented results can be interpreted in the same way. After rescal-
ing the temperature axis using the determined Kondo temperatures, the entropy
curves for the different transverse coupling parameters pJ, shown in plot (b) are
impossible to distinguish. In case of the effective magnetic moment depicted in
plot (d), we observe slight deviations from the curve with J; = J) for T > Tk.
The obtained results are consistent with the known conclusion that an exchange-
anisotropic interaction with J; # Jj corresponds to an irrelevant perturbation
about the strong-coupling (low-temperature) fixed point of the isotropic Kondo
model. The Kondo temperatures, which have been determined in the same way
as for the curves shown in Fig. 5.3, increase with the transverse coupling strength
pJ1. In plot (e), they are compared with the estimates given by Egs. (5.21)
for J1 > J) and by Eqgs. (5.22) for J < Jj, respectively. One should keep in
mind that these approximate expressions for Tk are the result of a second-order
perturbative calculation. For this reason, the obtained approximations should be
expected to be less accurate compared to a third-order estimate (such as the one
for the isotropic case J; = J) given by Eq. (5.1)). We find that the expressions
(5.21) and (5.22) overestimate the determined values of kT /W.

5.2. Underscreening of an impurity spin S > 1/2

A single conduction electron channel can only partially screen an isotropic impu-
rity spin with S > 1/2. This results in what is known as the underscreened Kondo
effect. At zero temperature, one degree of freedom of the impurity is quenched
by the conduction electrons so that a non-zero magnetic moment corresponding
to a reduced spin S — 1/2 remains [Mat67, CL79a]. This residual spin displays a
ferromagnetic interaction with the electron bath that scales to zero in the limit of
vanishing temperature [GCA92], albeit very slowly [MACT05]. At low tempera-
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Figure 5.4.: Impurity contribution to (a) the entropy and (c) the effective magnetic
moment as a function of temperature for impurity spin S = 1/2,
pK = 0, fixed longitudinal coupling pJ; = 0.07, and several values
of the transverse coupling strength pJ,. Plots (b) and (d) show the
same data as a function of the rescaled temperature T'/Tk. The Kondo
temperatures have been determined as described in the caption of Fig.
5.3. In plot (e), the obtained values of kpTx /W are compared with
the second-order estimates given by Eqgs. (5.21) for Ji > Jj and by
Egs. (5.22) for J. < J||, respectively. For the numerical parameters
used in the calculations, see the caption of Fig. 5.1.
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5.2. Underscreening of an impurity spin S > 1/2

ture, the residual spin thus progressively decouples from the conduction electrons
and becomes asymptotically free for 7' — 0 [GCA92, CP03]. This property is rem-
iniscent of the spin-1/2 Kondo model with ferromagnetic interaction [MACT05]
(cf. p. 158 of Ref. [Hew93]). A poor-man’s-scaling calculation for the exchange-
isotropic ferromagnetic Kondo model with S = 1/2 can be carried out to arbitrarily
small energy scales and it is found that the running coupling parameter scales to
zero in the limit of vanishing temperature [And70] (cf. p. 64 of Ref. [Hew93]).

In case of zero magnetic field, the strong-coupling fixed point of the under-
screened Kondo model differs from the low-temperature Fermi-liquid fixed point
that a system with a completely screened spin-1/2 impurity is attracted to [Noz74].
This modified fixed point has been termed a singular (as opposed to a regular)
Fermi liquid since, e.g., the quasiparticle density of states diverges at zero energy
[CP03, MAC™05]. A characteristic feature of a singular Fermi liquid is the ex-
tremely slow approach to the corresponding fixed point [CL79a, MACT05]. Note
that a non-zero magnetic field restores regular-Fermi-liquid behavior at low tem-
perature [CP03, MACT05].

The high-temperature expansion of the impurity contribution to the suscepti-
bility for arbitrary impurity spin S is simply a generalization of the result (5.2)
for the case S = 1/2 (see Ref. [FW81a] and p. 370 and 378 of Ref. [AFL83]):

Ximp(I > Tx,B =0;5) =

(9spB)*S(S +1) (1 1 Inn(T/Tk) ) (5.23)
3kgT ln(T/TK) 21n2(T/TK) A

In the limit T/Txg — 0, Ximp(T, B = 0) approaches the Curie law for a free
spin S (i.e., kgTx(T,B = 0)/(gsup)? = <(§Z)2> = (58%)/3 = S(S + 1)/3) with
slowly declining logarithmic corrections. In other words, the impurity becomes
asymptotically free at high temperature.

For impurity spin S > 1, the low-temperature expansion of xim is analogous to
Eq. (5.23) if substituting S — S — 1/2 (see again Ref. [FW81la] and p. 370 and
378 of Ref. [AFLS&3)):

(9suB)*(5* —1/4) (1 L WIn(T/Tx)| > (5.24)
3kpT In(T/Tx) 2*(T/Tx) )

At low temperature T' < Tk, the impurity contribution to the susceptibility more
and more shows a temperature dependence according to the Curie law for a free
spin S — 1/2 (i.e., kgTx(T,B = 0)/(gsup)* = (S —1/2)(S +1/2)/3 = (S? -
1/4)/3). The appearance of logarithmic terms in the expansion (5.24) is a sign of
the ferromagnetic interaction between the residual spin S—1/2 and the conduction
electrons and corresponds to a concrete realization of the very slow approach to
the low-temperature fixed point that is characteristic of a singular Fermi liquid
(see above).
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Figure 5.5.: Impurity contribution to (a) the entropy and (c) the effective magnetic
moment as a function of temperature for impurity spin S =1, B = 0,
and three values of the coupling strength pJ (for S = 3/2, see Fig.
5.6). Plots (b) and (d) show the same data as a function of the rescaled
temperature T'/Tx. The Kondo temperatures have been determined
as described in the caption of Fig. 5.2 (cf. main text), and the Bethe
ansatz solution for Ximp(T/Tk) is taken from p. 626 of Ref. [TW83].
Apart from Nieep = 6000, the numerical parameters used in the NRG
calculations are those given in the caption of Fig. 5.1.

Note the absence of terms of order 1/1n*(T/Tx) in both the high- and low-
temperature expansions ([AFL83], p. 378). This “normalization condition” gives
meaning to the Kondo temperature for arbitrary impurity spin S.2 Furthermore,
it is found that with this definition kT is the same energy scale both in the
regime of high and low temperature ([AFL83], p. 370 and 378). For a non-zero
magnetic field, there is another energy scale kgTy that is defined in a similar
manner via the low- and high-field expansions of the zero-temperature impurity
contribution to the magnetization (see Sec. 7.2).

In Figs. 5.5 and 5.6, we present NRG results for the impurity contributions
to the entropy and the effective magnetic moment for impurity spin S = 1 and

3 For impurity spin S > 1, Tk cannot be defined via the low-temperature limit of the impurity
contribution to the susceptibility as in the case of S = 1/2 (see, e.g., Eq. (5.3)) since
Ximp (T, B = 0) diverges for T' — 0 according to the Curie law for the residual spin S — 1/2.
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Figure 5.6.: Impurity contribution to (a) the entropy and (c) the effective magnetic
moment as a function of temperature for impurity spin S = 3/2, zero
magnetic field, and three values of the coupling strength pJ (compare
the results for S = 1 in Fig. 5.5). In plots (b) and (d), the same data is
presented as a function of the rescaled temperature T /T . The Kondo
temperatures have been determined as described in the caption of Fig.
5.2 (cf. main text), and the Bethe ansatz solution for Ximp(T/Tk) is
again taken from p. 626 of Ref. [TW83]. This time, Nieep = 7000
has been used in the NRG calculations. For the remaining numerical

parameters, see the caption of Fig. 5.1.
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S = 3/2, respectively, and the same three values of the coupling strength pJ
as before. According to the above discussion of the underscreened Kondo ef-
fect, Simp(T)/kp tends to In(2S+1) for kT /W — oo and takes the value
In(2[S —1/2] + 1) = In(25) in the limit k5T /W — 0. Both at high and low tem-
perature, the magnetic susceptibility is described more and more by a Curie law.
As per Eq. (5.23), the high-temperature limit of k5T Ximp/(9sp5)? is S(S+1)/3.
At low temperature, on the other hand, the value (S? — 1/4)/3 is approached, in
accordance with the asymptotic expansion (5.24). For each coupling strength pJ,
the Kondo temperature has been calculated by taking the corresponding value of
the temperature scale Ty from table I of Ref. [HS13] (see chapter 8) and using
the relation (compare the caption of Fig. 5.2)

€
T =/ 5T - (5.25)

The rescaled curves for the different coupling parameters pJ < 1 are virtually in-
distinguishable in the presented plots. This result demonstrates that the exchange-
isotropic single-channel Kondo model displays universal behavior in the scaling
regime also for impurity spin S > 1/2. The effective magnetic moment as a func-
tion of the rescaled temperature T /T, can be compared with the corresponding
Bethe ansatz solution as tabulated in Ref. [TW83]. Excluding the regime T > Tk,
we again find convincing agreement between NRG and Bethe ansatz results.

The way in which we have determined the “Kondo temperature” for each ex-
change coupling pJ requires a brief explanation. Eq. (5.25) relates the quantity
Ty to the low-temperature scale T;, which we have decided to also denote by Tk .
Ty, is defined in Eq. (5.4) for impurity spin S = 1/2. However, Tk cannot be
associated with the zero-temperature limit of the impurity contribution to the
magnetic susceptibility for impurity spin S > 1/2 since Ximp(T — 0,B = 0) is
divergent in this case (compare footnote 3). If the Kondo temperature is instead
interpreted as the perturbative high-temperature scale in terms of Eq. (5.23), the
relation between Tk and Ty is given by (for impurity spin S = 1/2, see, e.g., p.
591 of Ref. [TW83] and p. 369 of Ref. [AFL83)):

Tr =264 Ty . (5.26)

Here, v = 0.577216 is Euler’s constant and 3 is another constant (not to be con-
fused with the inverse thermal energy) with the numerical value In 8 =~ 0.662122.
As pointed out in Ref. [DZ05], and in contrast to the statements in the original
literature (see Ref. [FL82] and p. 379 of Ref. [AFL83]), Eq. (5.26) should hold
for arbitrary impurity spin S. Using the identity (see p. 62 of Ref. [And94] and
note the typo in equation (4) of Ref. [DZ05])

o5/2
Ing = ln(2> ~ 0.6621229 (5.27)

™
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5.2. Underscreening of an impurity spin S > 1/2

the following relation, which is to be compared to Eq. (5.25), is obtained:

e'y+3/4

Ty . (5.28)

Ty =

™

The chosen “normalization”® of the Kondo temperature is, however, not crucial
for the discussion of the universal temperature dependence of observables. In
his original paper ([Wil75], p. 835), Wilson observed the following point: If Tk
is multiplied by an arbitrary constant that is independent of pJ, the effective
magnetic moment kg7 Ximp(T) still only depends on the value of T/Tk in the
scaling regime. Note, however, that the value of Ximp(T/Tk) for a certain ratio
T/Tk is determined by the chosen definition of the Kondo temperature (in fact,
this is the normalization).

4The scale Ty is normalized as discussed in Sec. 7.2. If the relation (5.28) is used, then Tk
should be normalized as described above, in the paragraph following Eq. (5.24). On the other
hand, if Tk is determined from Ty according to Eq. (5.25) for S > 1/2, a certain ratio to
Ty, expressed by Eq. (5.25), is instead enforced as the normalization condition.
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Part III.

The single-channel
single-impurity Kondo model
with and without
uniaxial anisotropy
in non-zero magnetic field
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6. The isotropic single-impurity
Kondo model in non-zero
magnetic field

We now consider the case of a non-zero external magnetic field B and study the
thermodynamic properties of the isotropic single-channel single-impurity Kondo
model as a function of temperature and magnetic field. To this end, NRG calcu-
lations of the impurity contributions to the entropy Simp(T, B) and the effective
magnetic moment kpT Ximp (T, B) are presented for impurity spin S = 1/2,1,3/2.
The Bethe ansatz solution for the zero-temperature field-dependent impurity con-
tribution to the magnetization is discussed in chapter 7 and compared to NRG
results in Ref. [HS13] (see chapter 8). There, also the impurity magnetization
M(T, B), which is defined in Eq. (4.288), is investigated. At the moment, we
are only concerned with the case of equal g-factors of electrons g. and impurity
spin gs. The influence of the ratio g./gs on the magnetic properties of the Kondo
model is studied in Ref. [HS13] (see chapter 8).

For the case of impurity spin S = 1/2, it is demonstrated in the following that
a magnetic field has basically no effect on Simp and kT Ximp if gsupB < kpTk.
This result reflects the complete screening of the impurity’s magnetic moment by
the conduction electrons that occurs in the limit 7' <« Tk for B = 0 (cf. Fig. 5.2).
Note, however, that any non-zero magnetic field leads to a non-zero magnetization.
In this sense, even a fully-screened spin-1/2 impurity at zero temperature acts
magnetic for B > 0. In case of S > 1/2, a magnetic field with gsugB > kT
always significantly affects the impurity, irrespective of the value of the Kondo
temperature, since a residual spin with non-zero magnetic moment is formed for
T <« Tk (cf. Figs. 5.5 and 5.6). The impurity thus stays magnetic on energy
scales smaller than kpTx and corresponding effects of a field gsupB > kpT are
observed in the impurity contributions to the entropy and the effective magnetic
moment.

For a number of constant magnetic fields, the temperature dependence of the
impurity contributions to the specific heat, the entropy, the magnetization, and
the magnetic susceptibility of the single-channel single-impurity Kondo model with
S < 7/2 has been studied in Ref. [SS89]. The results presented in this article
were obtained by numerically solving the corresponding thermodynamic Bethe
ansatz equations (cf. chapter 7). Later, also the thermodynamic properties of
the multi-channel single-impurity Kondo model in an applied magnetic field were
investigated [SS91].
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6.1. Thermodynamics of an impurity spin S = 1/2

Fig. 6.1 shows NRG calculations of Sinp(T, B) and kT 'Ximp(T, B) for impurity
spin S = 1/2, both as a function of temperature (for a number of positive magnetic
fields) and magnetic field (for several temperature values). As illustrated by plots
(a) and (c), both observables are linear functions of the temperature for T < Tk
in case of zero field.! If gsupB > kpTk, a swift drop of Simp and kT Ximp is
observed below the thermal energy kT =~ gsupB, followed by a linear decline
for kT < gsupB. For Zeeman energies of the order of the Kondo energy scale
kpTk, the calculated curves are nearly identical to those obtained in case of zero
field. The temperature dependencies of the impurity contributions to the entropy
and the effective magnetic moment are thus basically unaffected by a magnetic
field satisfying gsupB < kpTk.

The role of an external magnetic field in the spin-1/2 Kondo model can be fur-
ther illuminated by looking at the field dependencies of the considered observables
as displayed in plots (b) and (d). Starting from the zero-field value of Simp or
kBT Ximp, respectively, which is determined by the ratio T/Tx (cf. Fig. 5.2),
the effect of an applied magnetic field only becomes noticeable if the Zeeman en-
ergy exceeds max(kgTk,kpgT). This insensitivity of the spin-1/2 Kondo model
to a field satisfying gsupB < kpTk reflects the complete screening of the im-
purity’s magnetic moment that occurs for temperatures T' < Tk. In the limit
gspipB/W — oo, the impurity contributions to both the entropy and the effective
magnetic moment tend to zero. The limit of large magnetic field (like the limit of
high temperature) can be related to the well-known behavior of a free spin. Note
that such a reasoning is again only meaningful in an asymptotic sense. This point
is exemplified by the asymptotic high-field expansion of the zero-temperature im-
purity contribution to the magnetization, which is discussed in Sec. 7.2 and given
by Eq. (7.5). The degeneracy of the multiplet associated with a free spin is com-
pletely lifted by a non-zero magnetic field. At a temperature that is sufficiently low
in order to resolve the groundstate gap or, vice versa, for a sufficiently large field,
the free spin is thus effectively reduced to a single level. According to their defini-
tions (cf. Eqs. (4.276) and (4.280)), both the entropy and the effective magnetic
moment are then approximately zero.

6.2. Thermodynamics of an impurity spin S > 1/2

In Figs. 6.2 and 6.3, we present NRG calculations of the impurity contributions to
the entropy and the effective magnetic moment for impurity spin S =1 and S =
3/2, respectively, again both as a function of temperature and magnetic field. As a
point of reference, the temperature dependencies of the two considered observables
are also shown for gsup B/W = 0, illustrating once again the previously discussed

IThis result agrees with the constant non-zero value that Ximp (T, B = 0) approaches for T' <«
Tk (cf. Fig. 5.2 (c)) and, respectively, with the linear temperature dependence of the zero-
field specific heat for T' <« Tk (see, e.g., p. 828 f. and 835 of Ref. [Wil75] and Ref. [DS82]).
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Figure 6.1.: Impurity contributions to the entropy and the effective magnetic mo-

ment for impurity spin S = 1/2 with g. = gs and isotropic coupling
pJ = 0.07, as a function of temperature for non-zero magnetic field
[plots (a) and (c¢)] and as a function of magnetic field for non-zero tem-
perature [plots (b) and (d)]. The vertical lines indicate the thermal en-
ergy or Zeeman energy, respectively, that equals kgTx =~ 1.80-1077W .
In plots (a) and (c), the value of gspup B/W increases from left to right:

1.00-1071° (open symbols), 1.43-107%, 1.09-10 7, 1.24-10~*, 1.41-10 7,
1.07 1072, 1.22- 10", and 9.28 - 10~'. Note that gsupB > kpTxk

for all curves. In plots (b) and (d), the value of kgT/W increases
from bottom to top: 1.28-107%, 2.21-1078, 3.83-1078%, 6.64 - 1078,
1.15-1077,1.99-1077, 3.45-10~7, 5.97-10~7, 1.03- 1076, 1.79 - 1076,
2.79-107°, and 4.35 - 10~*. Whereas T is smaller than Tk for the
blue curves, we have T' > T for the red curves. For the numerical
parameters used in the NRG calculations, see the caption of Fig. 5.1.

139



140

6. The isotropic single-impurity Kondo model in non-zero magnetic field

In3

In3 pEg====gEE==mEEE SFEEESES T
1.0 1.0 FFrooommmmmmes ---~‘ \ \“ -
0.8 7 - 08 | Vo "‘.
& In2 & 2 N RS
~ 0.6 ~ 0.6 vt H -
2 a [
g g Voo
w04 w04 | [
0.2 02 “-‘ i "‘ g
0 0 | ! h LNV
2/3 2/3 T T T T T T (d)
E o [CIIZIZIIIIIIIIE ::::::\"\\ TT
3 1/2 SR YR H— e WL
-~ > vl
5 U3 < 13 Ll
A El SR
T s T s \ SR
0 L 0 AR
| | | | | | R | | [ <
_ = = 00 O = N D 1N [\
= N o o
logyo(ksT /W) logio(g9spsB/W)
Figure

6.2.: Impurity contributions to the entropy and the effective magnetic mo-
ment for impurity spin S =1 (for S = 3/2, see Fig. 6.3) with g. = gs
and isotropic coupling pJ = 0.07, as a function of temperature for non-
zero magnetic field [plots (a) and (c)] and as a function of magnetic
field for non-zero temperature [plots (b) and (d)]. The vertical lines
mark the thermal energy or Zeeman energy, respectively, that equals
kpTk =~ 2.23-10~"W. In plots (a) and (c), the value of gsupB/W

increases from left to right: 1.00 - 1071® (open symbols), 1.12 - 10~ '!,
1.28-10719,1.46-1077, 1.11-107%, 1.26- 1077, 1.43-107%, 1.09- 102,
1241074, 1.41-107%, 1.07-1072, 1.22- 10", and 9.28 - 10~ '. For the
green curves, gsup B is larger than kT . In contrast, the Zeeman en-
ergy satisfies gsup B < kpTk for the magenta curves. In plots (b) and
(d), the value of kgT /W increases from bottom to top: 1.25- 10713,
1.95-107'2,3.03-107 11, 4.73-1071°, 7.37-107°, 1.15-1077, 1.79- 1076,
2.79-107°, and 4.35-10~%. Whereas T is smaller than Tk for the blue
curves, we have T' > Tk for the red curves. The NRG calculations
have been carried out using the numerical parameters given in the
caption of Fig. 5.5.
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Figure 6.3.: Impurity contributions to the entropy and the effective magnetic mo-

ment for impurity spin S = 3/2 (compare the results for S = 1
shown in Fig. 6.2) with g. = gs and isotropic coupling pJ = 0.07,
as a function of temperature for non-zero magnetic field [plots (a)
and (c)] and as a function of magnetic field for non-zero temperature
[plots (b) and (d)]. The vertical lines indicate the thermal energy
or Zeeman energy, respectively, that matches the Kondo energy scale
kpTk ~ 2.99 - 10~7W. For the constant magnetic fields in plots (a)
and (c) and for the constant temperatures in plots (b) and (d), re-
spectively, the same values are used as in Fig. 6.2. Furthermore, the
colors of the curves have the same meaning as before. The results
have been calculated using the numerical parameters described in the
caption of Fig. 5.6.
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6. The isotropic single-impurity Kondo model in non-zero magnetic field

underscreened Kondo effect (cf. Figs. 5.5 and 5.6). A non-zero magnetic field
lifts the remaining effective degeneracy of the impurity and hence leads to a sharp
decrease of Simp and kpTXimp for thermal energies below kg1 ~ gsupB. This
drop is followed by a linear decline to zero for kT < gsupB, as demonstrated
for impurity spin S = 1/2 and gsupB > kpTk in Figs. 6.1 (a) and 6.1 (c).
In contrast to the spin-1/2 Kondo model, the temperature dependencies of the
impurity contributions to the entropy and the effective magnetic moment for S >
1/2 are thus always affected by a non-zero external magnetic field.

The curves Simp(T > 0, B) and kT Ximp(T > 0, B) shown in the respective plots
(b) and (d) of Figs. 6.2 and 6.3 further demonstrate that an impurity spin .S > 1/2
stays magnetic on energy scales smaller than kgTk. The limit of zero field in plots
(b) and (d) is to be compared with the results presented in the corresponding plots
(a) and (c). The field dependencies of the two considered observables illustrate
that an applied magnetic field becomes relevant if the Zeeman energy exceeds the
thermal energy. This is true irrespective of the value of the Kondo temperature
since the residual spin S — 1/2, which is formed for temperatures T' < T, has
a non-zero magnetic moment and therefore also responds to an external field. As
discussed for the case S = 1/2 in the previous section 6.1, the impurity spin is
effectively reduced to a single level in the limit gsupB/W — 0o, causing both the
entropy and the effective magnetic moment to approach zero.
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7. The Bethe ansatz solution for the
universal impurity contribution to
the magnetization of the isotropic
single-impurity Kondo model

The exact diagonalization of the isotropic Kondo model with arbitrary impurity
spin S goes back to Hans Bethe’s analytic solution [Bet31] of the antiferromagnetic
one-dimensional spin-1/2 Heisenberg model with nearest-neighbor interaction from
1931 [TW83, AFL83, Hew93]. Bethe succeeded in constructing the exact eigen-
states of the Hamiltonian using a particular function which has subsequently been
termed the Bethe ansatz (cf. p. 524 of Ref. [TW83]). Calculating the energy
spectrum of the model then corresponds to finding a solution of certain Bethe
ansatz equations ([TW83], p. 538). Hamiltonians that can be diagonalized using
the Bethe ansatz possess special symmetry properties which restrict their dynam-
ics and render them “integrable” (see p. 525 of Ref. [TW83] and p. 334 of Ref.
[AFL83)).

In order to apply the Bethe ansatz to the Kondo model, some additional as-
sumptions are necessary:

1. The dispersion relation (k) of the conduction electrons has to be linear
for all wavevectors (corresponding to a constant density of states) [AFL83,
Hew93]:

e(k) x |k . (7.1)

2. The properties of the model are studied in the scaling or universal regime
in which all relevant energy scales (e.g., due to non-zero temperature or
magnetic field) are small compared to either the finite bandwidth of the
conduction electrons or the cutoff imposed on the electron spectrum. The
cutoff (or bandwidth) may then be viewed as arbitrarily large and details of
the cutoff procedure are expected to only affect the parameter dependence
of the Kondo temperature Tk, but not the obtained universal properties
expressed via Tk ([AFL83], p. 332).

3. The g-factors of electrons g. and impurity gs have to be taken as equal so
that a non-zero magnetic field couples to the z-component of the total spin
(cf. p. 332 and 352 of Ref. [AFL83]). There has been an attempt at treating
the general case g. # gs within the framework of the Bethe ansatz in Ref.
[Low84].
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7. The Bethe ansatz solution for the universal impurity contribution to the
magnetization of the isotropic single-impurity Kondo model

In the actual calculations, the Kondo Hamiltonian is first converted to a one-
dimensional real-space representation by means of a Fourier transformation and
then cast into first-quantized form by deriving a Schrédinger equation for its eigen-
functions [AFL83, Hew93]. In order to solve this equation, one has to impose some
boundary conditions, which are typically chosen to be periodic [TW83, AFL83,
Hew93]. The wave functions are then determined using one of the variants of the
Bethe ansatz approach.

Having obtained the eigenstates of the Hamiltonian, it becomes possible to study
the thermodynamic properties of the model in the thermodynamic limit. To this
end, one considers the impurity contribution to the free energy Finyp, from which, in
principle, all thermodynamic observables can be derived by differentiating. Finp
is determined by a set of functions which are solutions of an infinite system of
coupled non-linear integral equations (see p. 540 of Ref. [TW83], p. 357 of Ref.
[AFL83], and Refs. [RLA82, Hew93]), that are also referred to as thermodynamic
Bethe ansatz equations [EFGT05]. In general, these equations have to be solved
numerically (cf. p. 334 of Ref. [AFL83] and Ref. [Hew93]). To this end, the
infinite system of coupled equations is truncated to some finite number. This, of
course, introduces a certain error and thus determines the obtainable precision of
the results [RLA82]. The equations are then, e.g., cast into the form of matrix
equations and iterated until convergence is achieved [RLA82].

7.1. The closed expressions for the zero-temperature
impurity contribution to the magnetization

In case of zero temperature, the Bethe ansatz provides closed expressions for the
universal field-dependent impurity contribution to the magnetization My, for
arbitrary impurity spin S. These results have been used to calculate the Mjmp-
curves of the Kondo model without uniaxial anisotropy in the paper included in
chapter 8. The Bethe ansatz solutions involve a certain energy scale kpTy whose
ratio to the Kondo scale kT is a universal number! (see p. 590 ff. of Ref.
[TW83], p. 356, 369 f., and 378 f. of Ref. [AFL83], and p. 155 of Ref. [Hew93])
and whose meaning is clarified in the next section 7.2.

For large magnetic fields gsupB > kpTy, there is an integral representation
of the impurity contribution to the magnetization for arbitrary impurity spin S
(see p. 183 of Ref. [FW81a] and p. 581 of Ref. [TW83], and also compare Refs.

INote that the ratio of Ts to Tk, interpreted as the high-temperature perturbative scale, was
found to depend on S in Refs. [FL82] and [AFL83] (p. 379), whereas a similar calculation
in Ref. [DZ05] led to the conclusion that it is actually independent of S (see Eq. (5.28), and
also compare Ref. [BK04]).
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7.2. Asymptotic field dependencies of the zero-temperature
impurity contribution to the magnetization

[AL81, FL82] as well as p. 355 and 375 of Ref. [AFL83)):

Mimp(T =0,9supB > kpTw;S)/gspp =

1 7 SiIl(Q?TSUJ) AN —2wlin(gspusB/ksTH) (72)
S‘W/WTFW““)&) ¢ :
0

In case of small fields gspupB < kpTy, one has to distinguish between impurity
spin S = 1/2, which is completely screened by the conduction electrons at B = 0
and T = 0, and impurity spin S > 1/2, for which only partial Kondo screening
occurs (leaving a residual spin S — 1/2). For S = 1/2, the following series can be
used to calculate My, (see Refs. [FW81b, FW81la] and p. 582 of Ref. [TW83],
and also compare Ref. [AL81] and p. 355 of Ref. [AFL83)):

Mimp(T = 0,9supB < kgTy; S =1/2)/9spp =
1 i n+1/2\""? (0" (gsppB\*H (7.3)

2\/% 0 (§] n! (TL + 1/2) kBTH '

For very small magnetic fields gsupB < kpTH, Mimp is thus linear in B with a

prefactor that is inversely proportional to Tx. The impurity contribution to the

magnetization for arbitrary impurity spin is given by a sum of an integral and a
series [FW81a] that apparently ought to read as (cf. p. 582 of Ref. [TW83]):

Mixp(T = 0,9spsB < ksTu; S)/gsps = S —1/2 +

1 [ sin(2n(S — 1/2)w) W\ 2w |in(gsup B/ksTr)|
271_S/Q/dw ” F(1/2—w)(g) e +
0

= 12\ (1) 5B\
Q\I/E ; ( +e / ) WCOS(ZW(S —1/2)(n+ 1/2))(gl::TH > .
74)

The representation (7.4) consistently reduces to Eq. (7.3) for impurity spin S =
1/2. Replacing S with S — 1/2, note the similarity between the solution (7.2) for
gsppB > kpTy and the integral appearing in Eq. (7.4).

7.2. Asymptotic field dependencies of the
zero-temperature impurity contribution to the
magnetization

For very large magnetic fields gsupB > kpTy and for arbitrary impurity spin,
the impurity contribution to the magnetization at zero temperature can be written
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7. The Bethe ansatz solution for the universal impurity contribution to the
magnetization of the isotropic single-impurity Kondo model

as a perturbation series (see Refs. [AL81, FL82], p. 592 of Ref. [TW83], p. 333
and 375 of Ref. [AFL83], as well as p. 146 and 157 of Ref. [Hew93)):

Mimp(T = 0,9suB > kpTw; S)/gspup =
g (1 _ 1 ~ Inln(gsppB/kpTH) n ) (7.5)
2ln(gS,uBB/kBTH) 41H2(95/LBB/]€BTH) )

In the limit gspupB/kpTH — 00, Mimp thus tends to the saturation magnetization
gsupS of a free spin S. Note, however, that the impurity spin only becomes
asymptotically free for large fields because of the slowly declining logarithmic
corrections.

In case of S = 1/2, the behavior for very small fields gsupB < kpTy is
described by the series (7.3). On the other hand, for impurity spin S > 1/2,
we have the following asymptotic expansion of the impurity contribution to the
magnetization, which is again similar to Eq. (7.5) if substituting S — S —1/2 (see
p. 375 of Ref. [AFL83| and p. 157 of Ref. [Hew93]):

Mimp(T =0,9supB K kgTy; S > 1)/95/13 =

1 In|ln(gspupB/kpTH)| (7.6)
(5~ 1/2)<1 - 2In(g9spsB/kTH) - 41n*(gspupB/kpThH) ) .

According to this result, M, approaches the saturation magnetization ggpp (S —
1/2) of a free spin S —1/2 in the limit kpTy/gspupB — oo, once again with slowly
vanishing logarithmic contributions. This asymptotic behavior is another sign of
the ferromagnetic coupling between the residual spin S — 1/2, which remains after
the partial Kondo screening, and the conduction electrons (see p. 158 of Ref.
[Hew93] and compare Sec. 5.2).

The high-field scale kpTy is chosen in such a way that the perturbative ex-
pansion (7.5) does not contain terms of order 1/In*(gsupB/kpTyH) (sce p. 333,
355 f., 370, and 375 of Ref. [AFL83|, as well as p. 146 and 157 of Ref. [Hew93]).
In particular, this “normalization” allows to define T for any impurity spin S.
With an analogous requirement for the low-field asymptotic series (7.6), it turns
out that the energy scale kgTy is the same for small and large magnetic fields
(see p. 370 of Ref. [AFL83] and p. 157 of Ref. [Hew93]). Note the similarity
between this definition of T and the definition of the Kondo temperature Ty via
the low- and high-temperature expansions of the zero-field impurity contribution
to the susceptibility (cf. Sec. 5.2).
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8. “Numerical Renormalization
Group calculations of the
magnetization of Kondo
impurities with and without
uniaxial anisotropy”

As the main result of this thesis, this chapter contains a comprehensive manuscript
submitted to Physical Review B that has been accepted for publication (in a
revised version) as Ref. [HS13].

The paper presents a detailed NRG study of the Kondo Hamiltonian (2.15)
with the impurity part (2.52) (which includes uniaxial anisotropy D) in non-zero
magnetic field B for different ratios g./gs of electron and impurity g-factor. The
three cases D = 0 (isotropic impurity), D < 0 (easy axis anisotropy), and D > 0
(hard azis anisotropy) are analyzed, extending existing results for B = 0 from Ref.
[ZPPO8] to the situation with non-zero field. Throughout the investigation, we
focus on the field dependence at low temperature of the impurity magnetization
M = —gsup(S¥) (introduced in Eq. (4.288)) and the impurity contribution
to the magnetization Miy,p. In case of D = 0, the obtained NRG results for
Minp(B,T =~ 0) are compared with the corresponding zero-temperature Bethe
ansatz solutions discussed in chapter 7.

The published version also cites a study of the single-impurity Anderson model
(2.19) reported in Ref. [MWCI12]. In particular, this paper presents an inves-
tigation of the relationship between the impurity contributions to the zero-field
susceptibility for go = 0 and g = gg. The two susceptibilities are found to be
close to identical for all considered temperatures as expected from the Clogston-
Anderson compensation theorem (see p. 299 of Ref. [Hew93]).

Our NRG calculations are motivated by the question as to how the magnetic
properties of a deposited magnetic molecule are modified by the interaction with
a non-magnetic metallic substrate (cf. Sec. 2.3.2). The field-dependent magnetic
moment of deposited atoms and molecules can be measured (as an ensemble av-
erage) using, e.g., X-ray magnetic circular dichroism (XMCD). In recent years, it
has also become possible to obtain time-averaged magnetization curves of individ-
ual atoms (and suitable molecules) on non-magnetic metallic surfaces by means of
spin-polarized scanning tunneling spectroscopy (SP-STS). We refer the reader to
the introduction of the manuscript for references to corresponding experiments.
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Numerical Renormalization Group calculations of the magnetization of Kondo

impurities with and without uniaxial anisotropy

Martin Hock and Jiirgen Schnack

We study a Kondo impurity model with additional uniaxial anisotropy D in a non-zero magnetic
field B using the Numerical Renormalization Group (NRG). The ratio g./gs of electron and impu-
rity g-factor is regarded as a free parameter and, in particular, the special cases of a “local” (g. = 0)
and “bulk” (ge = gs) field are considered. For a bulk field, the relationship between the impurity
magnetization M and the impurity contribution to the magnetization Minp is investigated. Further-
more, we study how the value of g. affects the impurity magnetization curves. In case of an impurity
with D =0 and g. = gs, it is demonstrated that at zero temperature M(B), unlike Mimp(B), does
not display universal behavior. With additional “easy axis” anisotropy, the impurity magnetization
for non-zero temperature is well described by a shifted and rescaled Brillouin function on energy
scales that are small compared to |D|. In case of “hard axis” anisotropy, the magnetization curves
can feature steps which are due to field-induced pseudo-spin-1/2 Kondo effects. For large hard axis
anisotropy and a local field, these screening effects are described by an exchange-anisotropic spin-
1/2 Kondo model with an additional scattering term that is spin-dependent (in contrast to ordinary
potential scattering). Our study is motivated by the question how the magnetic properties of a
deposited magnetic molecule are modified by the interaction with a non-magnetic metallic surface.

I. INTRODUCTION

Magnetic molecules offer the prospect of encoding and
storing information in their magnetic state. The latter
point applies, in particular, to bistable molecules such
as single molecule magnets (SMMs).!™* The possibility
to store, e.g., one bit of information in the state of a
single molecule would constitute an enormous miniatur-
ization and could lead to data storage technologies with
significantly increased areal density.® However, to make
a (potentially elusive) technological application feasible,
the molecules need to be individually addressable so that
their magnetic state can be probed and manipulated on
a molecule-by-molecule basis. In the last years, there has
been an increasing interest in the question whether this
functionality can be achieved by a controlled deposition
of magnetic molecules on suitable substrates.®® While
such an approach might solve the problem of address-
ability, it can introduce new complications due to interac-
tions between the molecules and the surface. Depending
on details such as the molecule’s ligands, the presence of
an additional decoupling layer, and, of course, the charac-
teristics of the surface, the interaction with the substrate
might alter the magnetic properties of the molecule in
an important (and possibly adverse) way. Thus, even if
the magnetic response of the isolated molecule is well un-
derstood (e.g., through a description by a suitable spin
model?), its magnetic properties in contact with the sur-
face have to be reinvestigated.

In this article, we study a single-channel Kondo impu-
rity model with non-zero magnetic field and additional
uniaxial anisotropy D(§Z )2 for the impurity spin oper-
ator S.
verse anisotropy E[(S5%)? —(SY)?]) is a common part of a

Such an anisotropy term (along with trans-

pure spin model for the description of isolated magnetic
molecules (in particular, for representing SMMs).” The
quantum impurity model is intended to serve as a min-

imal representation of an anisotropic magnetic molecule
on a non-magnetic metallic substrate and, with trans-
verse anisotropy F, has already been used to describe
SMMs interacting with metallic electrodes.'% 2 Further-
more, it has been found that the above uniaxial and
transverse anisotropy terms are also appropriate to model
the surface-induced anisotropy of a single magnetic atom
on a metallic substrate with a decoupling layer.'>15 To
investigate how the interaction with the electrons affects
the magnetic properties of the impurity, we carry out
Numerical Renormalization Group'®18 (NRG) calcula-
tions and focus on the magnetic field dependence of the
impurity magnetization.

Regarding the experimental situation, the magnetic
moment of deposited molecules (or atoms)!® can be mea-
sured using methods such as X-ray magnetic circular
dichroism (XMCD).™19727 XMCD is an element-specific
technique of high sensitivity based on the absorption of
circularly polarized X-rays and can be used to obtain an
ensemble-averaged result for the magnetic field depen-
dent molecule magnetization.?® 3% In principle, it is also
possible to extract information about different contribu-
tions to the observed magnetic moment (such as the or-
bital and spin contribution) from the XMCD data using,
e.g., sum rules.”21:22:24.27 I the last years, magnetization
curves of magnetic atoms on non-magnetic metallic sur-
faces could also be recorded using spin-polarized scanning
tunneling spectroscopy (SP-STS).!5:31735 In contrast to
XMCD, this method provides a time-average of the field-
dependent magnetic moment of a single atom. It has
been demonstrated that SP-STS can also be applied to
(suitable) deposited magnetic molecules.3¢ 38

The static magnetization of Kondo impurity models
(including related models such as the single-impurity An-
derson model) has been investigated by a number of tech-
niques. Among these are Green’s-function methods,34%
the Bethe Ansatz,*' 52 and NRG?*®® (including density
matrix based extensions). By now, there are also several



studies of the time-dependence of the magnetization in
non-equilibrium situations (e.g., after a quantum quench
or with a non-zero voltage bias).>¢69 In particular, non-
equilibrium spin dynamics of impurity models can be in-
vestigated by using a generalization of NRG called time-
dependent NRG (TD-NRG).12:61,62

The present article extends existing NRG results for
the Kondo model with uniaxial anisotropy®?® to the case
of non-zero magnetic field. The system with non-zero
field (with a focus on the properties of spectral func-
tions) has been previously studied in Refs. 64 and 65.
Furthermore, magnetization curves for isotropic Kondo
impurities and for a Kondo impurity featuring both lon-
gitudinal and transverse anisotropy have been calculated
in Ref. 55. We would like to stress, however, that our
investigation places emphasis on different aspects of the
problem and is thus complementary to Ref. 55.

The remainder of this article is organized as follows. In
Sec. II, the quantum impurity model is introduced and
transformed to a representation that is suitable for fur-
ther numerical treatment. Sec. III provides information
about our use of the NRG method and contains defini-
tions of the considered observables. In Sec. IV, we study
the magnetic field dependence of the impurity magnetiza-
tion and the impurity contribution to the magnetization
for an isotropic system (i.e., with anisotropy parameter
D = 0) and analyze the relation between both quanti-
ties. After an investigation of the Kondo model with
additional “easy axis” anisotropy (D < 0) in Sec. V,
the case of “hard axis” anisotropy (D > 0) is consid-
ered in Sec. VI. In order to describe the field-induced
pseudo-spin-1/2 Kondo effects that are observed in the
magnetization curves for large hard axis anisotropy, an
effective model is derived and its properties are studied.
We conclude this article with a summary of the results
in Sec. VII. Appendix A contains a brief description of
the technical details of an NRG calculation with non-
zero magnetic coupling of the conduction electrons. The
remaining appendices are concerned with the coupling
strength dependence of the magnetization for D = 0
(App. B), the effect of a non-zero magnetic coupling of
the conduction electrons on the impurity magnetization
curves (App. C), and certain technical aspects relevant
to the study of the effective model (App. D).

II. MODEL

A. Hamiltonian

In this work, we study a Hamilton operator H consist-
ing of three parts:
g = ]Zelectrons + choupling + gimpurity . (1)

The first term H electrons Tepresents non-interacting
tight-binding electrons whose hopping between two sites
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1 and j of a periodic lattice with L sites is described by
the corresponding hopping parameter ¢;;:

gelectrons = Z tijgizagja + ge,uBBé'Z . (2)
i#j,0

Here, gg) is a destruction (creation) operator for an elec-
tron with spin projection ¢ = +1/2 = 1 / | at lat-
tice site i. The effect of an external magnetic field B
is taken into account by a Zeeman term with electron
g-factor g., Bohr magneton pp, and the z-component
of the total spin of the electrons §* = £ 3", (nit — niy)

with Nig = iﬁoéw Using a discrete Fourier transforma-

tion, ELU = (l/ﬁ) Zj etk Rj gt

~Jjo?

be equivalently written in the more common form

Hamiltonian (2) can

IN{electrons = Z (€k-, + Uge,uBB) E}Tcg,gka > (3)
—_—

k.o
=¢cko(B)

with a dispersion relation e, (B), assigning an energy
€ to a wavevector k, that now depends on spin projec-
tion and magnetic field. In general, the spin-independent
dispersion relation £, is anisotropic in k-space.

For the interaction term in Eq. (1), we use a standard
isotropic Kondo coupling,

gcoupling = J‘g : :EO ) (4)

and assume that the impurity spin S couples antiferro-
magnetically (J > 0) to the electronic spin at the origin,
which is given by so = (1/2L) >y s
the vector of Pauli matrices o.

Finally, the impurity part of Hamiltonian (1) repre-
sents a localized spin with quantum number S which
couples to the external magnetic field with g-factor gg
and possesses an additional uniaxial anisotropy D:

o g;rwcrwgk/,, with

Himpurity = D($%)* + gspupBS* . (5)

With the chosen convention, the impurity spin has
an “easy axis” for D < 0 and a “hard axis” or
an “easy plane” for D > 0. A further transverse
anisotropy E[(S%)? — (SY)?] is not considered in this ar-
ticle. Himpurity can be seen as a minimal representation
of a magnetic molecule with a single magnetic center or
as a “giant spin approximation” for an SMM.%66
Hamiltonian (1) corresponds to an exchange-isotropic
single-channel Kondo impurity model with additional
uniaxial anisotropy and non-zero external magnetic field.
The special choices g. = 0 and g, = gg for the electron
g-factor are referred to as a “local” and “bulk” magnetic
field, respectively. Regarding the modeling of a deposited
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magnetic molecule, it has to be emphasized that Hamilto-
nian (1) suffers from a number of simplifications. For ex-
ample, there is no orbital contribution to the magnetism,
and no charge fluctuations between molecule and surface
are possible. In this article, we only consider the effect
of the Kondo coupling on the magnetic properties of the
impurity spin.

B. Transformation to an energy representation

In order to treat Hamiltonian (1) using NRG, H clectrons
and H coupling are expressed via a continuous energy rep-
resentation for the electronic degrees of freedom. To
this end, we first take a standard continuum limit in
k-space (i.e., we consider a lattice of dimension d with
L > 1).17 By adapting the corresponding expression
for the two-impurity Kondo model from Ref. 67 to the
single-impurity case (see also Ref. 68), we then define
those states with energy e to which the localized spin
directly couples:

Gep = (%)d:(g m—y / dkd(e —eulk, B)) cren » (6)

where we have introduced the abbreviation h = g.upB
and the normalized density of states (DOS) per spin pro-
jection and lattice site p(e) = (1/L) )", 6(¢ — ex). De-
noting the half-width of the conduction band by W, the
allowed energies ¢ for spin projection p span the interval
[—W +ph, W+ ph]. The new operators a.,, are properly
normalized because of the pre-factor involving the DOS.

If we are only interested in impurity properties, then
all other electronic states different from those defined in
Eq. (6) can be safely discarded without introducing any
approximation.!” This leads to the desired continuous
energy representation of Hamiltonian (1):

W+uph
decal,ac, (7)

W+uh o
+J§~Z / de /p(e — ph) al, %x

W+vh
/ dE/ p(€/ — Vh) Qery + Iiimpurity .

For h =0, i.e., for B =0 or g, = 0, Eq. (7) reduces to
the well-known expression for the energy representation
of the Kondo model.®° In the following, we consider the
case of a constant DOS: p(e) = 1/2W = p.

III. METHOD AND OBSERVABLES
A. Method: NRG

Approximate eigenvalues and eigenvectors of Hamil-
tonian (7) for the calculation of impurity properties
can be obtained with the Numerical Renormalization
Group!® 18 (NRG). However, the procedure leading to
the parameters of the Wilson chain has to be slightly
modified if A # 0 (see App. A for a brief discussion of
the required changes).

Both a non-zero magnetic field and an additional uni-
axial anisotropy break the full SU(2)-symmetry in spin
space of Hamiltonian (1). For this reason, we label eigen-
states of H only with the charge quantum number ¢ and

the magnetic quantum number SZ ,,, of the z-component
of the total spin. Except for one example in App. D, all
NRG calculations are carried out using the improved dis-
cretization scheme proposed by Zitko and Pruschke?®7!
with averaging over four z-values that are equidistantly
spaced on the interval (0,1]. The Hamiltonians describ-
ing the truncated Wilson chain are always rescaled by
employing Wilson’s analytical solution for the hopping
parameters for the case of the standard discretization
with z = 1.16:18 Observables are computed using only
those states that are kept after truncation and results
are averaged over even and odd sites of the Wilson chain
according to the prescription of Ref. 18. We use a dis-
cretization parameter A = 3, a dimensionless inverse
temperature § = 0.7, and a fixed number of kept states
of the order of 5000 to achieve convergence for all consid-
ered observables within the resolution of the presented
plots. Nevertheless, at A > 1 there might still be slight
systematic deviations for non-zero temperature, which
can for example be demonstrated by setting J = 0 and
comparing the NRG results with the analytical solution
for a free spin. It is necessary to perform a separate
NRG calculation for each value of the magnetic field. If
curves are shown in a plot, they are thus the result of
a spline interpolation through the numerically obtained
data points.

B. Observables

In our calculations we focus on the impurity magneti-
zation which is defined as the thermodynamic expecta-
tion value of the impurity magnetization operator:

agimpurity

M(T, B) = —< o

Furthermore, we consider the impurity contribution to
the entropy, magnetization, and magnetic susceptibility.
The impurity contribution to some quantity O is defined
in the usual way:'8

> = —gspp(S*) . (8)



. _ »with impurity w/o impurity
Olmp - Ototal - Ototal : (9)

The observable O:Z)/tzllmpumy for the system without im-
purity is also calculated using NRG by removing the
impurity part from the Wilson chain. For the en-
tropy S(T, B), the magnetization M (T, B), and the
susceptibility x (7, B), we use the standard definitions
S(T,B) = —0Q(T,B)/dT, M(T,B) = —0Q(T, B)/0B,
and x(7,B) = OM(T, B)/0B, with Q(T, B) being the
grand-canonical potential. According to the definitions
(8) and (9), the impurity contribution to the magnetiza-
tion Minmp can be written as:

Minp = M+ M mowsts _ ppjo mmusisy 1)
If the electron g-factor is zero or if impurity and electrons
decouple (which happens for J — 0 or T — o), we thus
have the special case Mim, (T, B) = M(T, B).

In the grand-canonical calculations the chemical po-
tential is assumed to be zero. For a symmetric DOS,
p(e) = p(—e), the free electron band is thus on average
half-filled for arbitrary magnetic field and temperature.

IVv. IMPURITIES WITH D =0

Let us first consider the case of an isotropic impurity
with D = 0 in Hamiltonian (5) and study the impurity
contribution to the magnetization My, and the impu-
rity magnetization M, both as function of temperature
and magnetic field. For the moment, we are only con-
cerned with the special case of equal g-factors of impurity
and electrons (corresponding to a bulk magnetic field).
Recalling the motivation given in the introduction, M
as the expectation value of the impurity magnetization
operator should be the observable that is more closely
related to experimental magnetization data obtained by
methods such as XMCD.

A. Field-dependence of the magnetization

In case of the Kondo model with D = 0, g. =
gs, and arbitrary impurity spin S, the Bethe Ansatz
(BA) allows for the derivation of a closed expression for
the impurity contribution to the magnetization at zero
temperature. 11444647 Ap (BT = 0) is known to dis-
play universal behavior in the so-called scaling regime,
in which all relevant energy scales are small compared
to the energy cutoff (or the finite bandwidth).*” “Bare”
parameters of the model can then be absorbed into a
certain energy scale kT so that the field-dependence
of Mimp at zero temperature is described by a univer-
sal function fg(z) (see Eq. (5.1.33) of Ref. 46), with =
being the rescaled magnetic field: © = gsupB/kpThH.
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For each value of S, the energy scale kgTy is cho-
sen in such a way that the asymptotic high-field (i.e.,
gspupB > kpTy) expansion for fg(z) does not con-
tain terms of order 1/In* (gsppB/kgTw).*"™ With this
choice, the asymptotic low-field (i.e., gsupB < kpTH)
expansion for S > 1 does not include such terms either.”
In case of impurity spin S = 1/2, we adopt the convention
of Ref. 46 according to which the Kondo temperature Tk
is identified with the strong coupling scale (as opposed

to the high-temperature scale)*” and defined as:
Ximp(TZO,B:O) _ 1 (11)
(9smB)? 2w kpTk

The relation between Ty and Tk for S = 1/2 is then

given by:46
2
Ty =) Tx . (12)
e

Note that in the remainder of this article results for the
energy scales kT and kpTyk always refer to either the
corresponding situation with D = 0 or a comparable sit-
uation with D = 0.

In Fig. 1 we plot the universal BA solution for
Mimp(T = 0) for three different impurity spins S =
1/2,1, and 3/2.7 fs(x) is a strictly monotonically in-
creasing function of z and approaches the saturation
magnetization of a free spin, gsupS, for x — oo with
slowly decaying logarithmic corrections.*64772 The be-
havior in the limit z — 0 depends on the value of S: In
case of S = 1/2, fi/5(x) o x for small z, whereas for
S > 1 the function fg(z) goes to the saturation magneti-
zation of a reduced spin with S—1/2, again with logarith-
mic corrections.*64772 This low-field behavior mirrors
the Kondo screening which, for vanishing magnetic field,
reduces the impurity spin S to a residual spin S —1/2 in
the limit 7'/Tx < 1.7475 The magnetic properties of the
impurity are furthermore markedly different from that of
a free spin as the magnetization of a free spin at 7' =0
saturates for any positive magnetic field.

Using NRG, we have calculated Minp(B,T ~ 0) for
several values of the coupling strength p.J and have fitted
the obtained curves to the respective universal BA curve
by employing Ty as a fit parameter (see Fig. 1). The
nice agreement with the BA solution demonstrates the
universal field-dependence that Miy,, displays for small
pJ and allows us to reliably determine the value of Ty
for all considered impurity spins. However, note that for
very large magnetic fields (i.e., for geupB < W), we
leave the scaling regime and the rescaled My p-curves,
as calculated by NRG, start to drop below the univer-
sal BA curves (this is not shown in Fig. 1). The de-
termined approximate values of kpTy/W are given in
Table I. We find that the fitted values of Ty increase
with the impurity spin for fixed coupling strength and,
furthermore, that the relative deviation between the re-
sults for different S decreases when pJ is reduced. How-
ever, even for the smallest considered coupling strength
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FIG. 1. (Color online) Main plots: Impurity contribution

to the magnetization Mimp and impurity magnetization M
as function of magnetic field for g = gs, three different cou-
plings pJ, and for impurity spin a) S = 1/2, b) S =1, and
c) S = 3/2. The temperature is kgT/W =~ 1.54- 107" ~ 0
and the field is rescaled using kpTy. In case of S = 1, part
of the universal BA solution for Mimp(z,T = 0) is missing
in the regime gsupB < kpTu. Upper left insets show
NRG results for Mimp(B) at T' ~ 0 and finite temperature
as a function of magnetic field, now expressed in units of W.
Mimp(B) for J = 01is also computed using NRG and resembles
the magnetization of the free spin. Thermal energies increase
from left to right and range from 1.79 - 107°W (plot a) or
1.95 - 1072 (plots b and c) to 6.79 - 107*W. Results for
adjacent temperatures are calculated using truncated Wilson
chains whose lengths differ by five lattice sites. Lower right
insets show a close-up of the magnetization curves for b) low
fields and c) high fields along with data points for Mimp that
are multiplied by a coupling-dependent constant 2 1.

(pJ = 0.05), the values of Ty for S =1/2 and S = 3/2
still deviate by about 44 %. According to Egs. (11)
and (12), the values of Ty for S = 1/2 reported in Ta-
ble I correspond to the following Kondo temperatures:
kpTw /W =~ 4.79 -10~1° (pJ = 0.05), 1.80 - 10-7 (0.07),
and 5.08 - 1075 (0.09). For comparison, the standard es-
timate for the Kondo temperature,'6:17

kpTi /W ~ /pJexp(=1/pJ), (13)
gives kpTj /W =~ 4.61-1071% (pJ = 0.05), 1.65 -
10=7 (0.07), and 4.48 - 107¢ (0.09). As a further check,
we have determined the Kondo temperature for S = 1/2
and pJ = 0.07 by fitting the zero-field BA solution for
the impurity contribution to the susceptibility from Ref.
46 and the impurity contribution to the entropy from
Ref. 76 (the specified low-temperature limit of the im-
purity contribution to the specific heat shows that their
definition of Tk corresponds to Eq. (11)). In both cases
a value of kgTx /W =~ 1.79 - 10~7 is obtained, which is
quite similar to the one following from Table I.

The upper left insets of Fig. 1 show finite temperature
NRG results for Mimp(T, B) with a coupling strength
pJ = 0.07. While the Bethe Ansatz provides a closed
expression for the field-dependence of M, at zero tem-
perature, a calculation for non-zero temperature leads
to so-called thermodynamic BA equations that, at least
in general, have to be solved numerically.*>"" Hence, fi-
nite temperature results for the magnetization are not
easily available. As a reference point, we replot the zero-
temperature magnetization curves that cross over to the
strong coupling regime in the vicinity of gsupB ~ kpTy.
As long as the thermal energy is small compared to the
Zeeman energy, the magnetization always closely follows
the respective zero-temperature curve. On the other
hand, if the thermal energy is not negligibly small com-
pared to the Zeeman energy, we have to distinguish be-
tween complete screening and underscreening of the im-
purity spin. For S > 1, non-zero temperature is always
important as it also affects the residual spin. On the en-
ergy scale gspupB ~ kpT there is a swift drop of Mjn,,(B)
that is eventually followed by a linear decay for small
fields gspupB < kpT. In the special case S = 1/2, how-
ever, non-zero temperature has little effect if T" <« Tk
and the magnetization already displays a linear depen-
dence on the magnetic field for gsupB ~ kpT due to
the Kondo screening. In the upper left insets of Fig. 1
we also compare the results for Min, (T, B) with NRG
calculations for vanishing coupling J = 0. This compar-
ison is meant to illustrate the effect of a non-zero value
of J.™ At high temperatures (compared to Ty ), the im-
purity spin is progressively decoupled from the electronic
system and its magnetization hence resembles the result
for J = 0 more closely. However, note that the impurity
only becomes asymptotically free for high temperatures.

In addition to the impurity contribution to the mag-
netization My, we also plot the impurity magnetiza-
tion M(B) for the same values of the coupling pJ and
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TABLE I. Approximate values of kgTr /W as used in Fig. 1, obtained by fitting the universal Bethe Ansatz solution for

Mimp(z,T = 0), and proportionality factors a(pJ) relating M and Mimp according to Eq.

(14). The results for « have

been averaged over magnetic fields gspusB/W € [107'3,107"] for kpT/W = 1.54-107'% ~ 0. Numbers in parentheses give the
corresponding standard deviation for the last decimal place. For Zeeman energies close to the band edge (i.e., for gsup B < W),
which have not been considered for the average, a noticeably decreases (increases) for S =1/2 (S =1,3/2).

S=1/2 S=1 S =3/2
pJ kBTH/W (0% kBTH/W [0} kBTH/W 0%
0.05 729-10° 1.02659(1) 8.49-1071° 1.026503(7) 1.05-1077 1.02638(2)
0.07 2.74-1077 1.03822(2) 3.39-1077 1.03792(3) 4.55-1077 1.03751(6)
0.09 7.72-107° 1.05048(3) 1.02-107° 1.04970(8) 1.51-107° 1.0487(2)

negligible temperature in Fig. 1. The magnetic field is
again rescaled by kgTy using the values from Table I.
We find that M and M;p,, differ for all considered mag-
netic fields with M(B) being larger than M, (B) for
given B. This means, in particular, that for large mag-
netic fields M comes closer to the saturation magnetiza-
tion of a free spin than My, does and, according to Eq.
(10), that the magnetization of the conduction electrons
is reduced due to the interaction with the impurity spin.
Upon decreasing pJ at constant rescaled field z, we ob-
serve that the impurity magnetization becomes smaller
and thus approaches the universal curve for Min,(z). A
comparison of the NRG results for M and My, shows
that both quantities are proportional to each other for
fixed coupling strength pJ, i.e.,

M(B,T ~0) = a(pJ) Mump(B, T ~0),  (14)

with a proportionality factor o > 1 that depends on pJ
(see Table I for a list of the calculated values of a(p.J)).
With the accuracy indicated in Table I, relation (14)
holds for Zeeman energies that are small compared to the
half-bandwidth W. It is illustrated for the case of small
magnetic fields (for S = 1) and large magnetic fields (for
S = 3/2) in the lower right insets of Fig. 1. While the ob-
tained values for a(pJ) decrease with increasing impurity
spin S, the values for different S differ by less than 0.2 %
according to Table I. Since impurity and electrons pro-
gressively decouple at high temperatures, we expect a to
be temperature dependent with o — 1 for kT /W > 1
(cf. Eq. (10)). The results presented in Fig. 1 show
that the magnetic field cannot be rescaled by kT or
any energy scale proportional to it so as to produce a
universal curve for the field-dependent impurity magne-
tization M. This conclusion applies although the field-
dependence of My, is given by a universal function and
M(B) x Mimp(B) for fixed coupling strength pJ, since
the proportionality factor in Eq. (14) depends on the
value of pJ.

To elucidate our findings, we refer to one of the original
Bethe Ansatz investigations of the Kondo model.*? With
the assumptions of a BA calculation (including an arbi-
trarily large energy cutoff 2), it is found that M = Mjp,,.
To study the influence of the cutoff scheme, a compari-
son with perturbation theory is carried out showing that

M has leading corrections of order 1/In(2), whereas
the corrections of Min,, vanish like 1/2 and thus much
faster.*® The regime in which all relevant energy scales
are negligibly small compared to the cutoff in a logarith-
mic sense, e.g. In(Z/gsppB) > 1, is termed “extreme
scaling limit” .4

With this background we reach the following interpre-
tation of the NRG results for M(B) and M, (B): For
the chosen values of the coupling strength pJ, the half-
bandwidth W (basically serving as the unit of energy)
can be regarded as very large compared to all relevant
energy scales £ so that corrections of order £/W can
be expected to be small. It is for this reason that we
find nice agreement with the universal BA solution for
Mimp(z,T = 0) as long as the Zeeman energy is small
compared to W. On the other hand, corrections of order
1/In(W/€) are not necessarily negligible for a finite value
of W. This appears to be an adequate explanation for
our NRG results showing that M # Miy,,. Moreover, a
decrease of pJ corresponds to an increase of the band-
width and thus bandwidth-related corrections should be-
come smaller. Accordingly, M(B) approaches My, (B)
for smaller coupling strength at constant magnetic field
B. These observations might also bear some importance
for experimental situations: While experimental param-
eters are certainly suitable to consider the scaling regime
(in case the system exhibits universal behavior), it is less
clear whether an experimental system can be placed in
the extreme scaling regime.

The difference between Min,, and M is further inves-
tigated in App. B by studying the coupling strength
dependence of both quantities.

V. IMPURITIES WITH EASY AXIS
ANISOTROPY

We now deal with the case of an impurity with addi-
tional easy axis anisotropy (i.e., with anisotropy param-
eter D < 0 in Eq. (5)). In this section, emphasis is
placed on the field-dependence of the impurity magneti-
zation M, again for the case of equal g-factors. Before
considering the full impurity model given by Eq. (1),
let us briefly recapitulate the magnetic properties of a
free spin with easy axis anisotropy that is described by
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Hamiltonian (5).

For negative anisotropy parameter D and vanishing
magnetic field, the groundstate of a spin S > 1 is a dou-
blet composed of the states with magnetic quantum num-
ber M = £5. In the special case S = 1/2, the anisotropy
term D(é‘z)2 evaluates to a constant and is thus insignif-

icant for the thermodynamics. The first excited state
is a singlet with M = 0 for S = 1 and a doublet with
M = £(S — 1) for all larger spins. It follows that the
energy gap between groundstate and first excited state is
given by |D|(25 —1). For thermal energies that are small
compared to this gap, the zero-field magnetic susceptibil-
ity approximately obeys a Curie law with Curie constant
((S%)?) = S? (instead of S(S+1)/3 for an isotropic spin).

What do we expect for the full impurity model if there
is an additional easy axis anisotropy? Since the ground-
state doublet of the free spin with easy axis anisotropy
has |AM| = 2S5 > 1, the two states it is comprised of
are not connected by a single spinflip, which changes M
by 1. Furthermore, for increasing values of |D| the gap
in the energy spectrum of the free spin with easy axis
anisotropy progressively suppresses scattering processes
connecting groundstate and first excited state. With the
scattering picture in mind, one would thus assume that
the Kondo effect is weakened by a negative value of D.
This is in line with the simplified picture in the limit
|D| — oo: The anisotropy term D(S%)? then effec-

tively acts as a projection operator onto the groundstate
doublet of the impurity with M = £+5 and hence asymp-
totically reduces the full Kondo interaction of Eq. (4) to
an Ising-type coupling.®®> With respect to the impurity
magnetization M, there appears to be an even simpler
argument: A larger absolute value of the anisotropy pa-
rameter D energetically lifts all excited states of the im-
purity, which have reduced magnetic moment in compar-
ison to the groundstate doublet. At large |D| one would
thus expect that the excited states have less weight in
the many-body groundstate of the full impurity model
leading to an increased value of M at zero temperature
for positive magnetic field.

A. Field-dependence of the impurity magnetization

In Fig. 2 low-temperature NRG results for the impu-
rity magnetization M(B) for impurity spin S = 1,3/2,2
are presented. We start the discussion of the results at
high magnetic fields and move from there to lower fields.
If the Zeeman energy is much larger than the anisotropy
parameter, i.e., if gsupB > |D|, nearly isotropic behav-
ior of M(B) is observed. At smaller fields gsupB =~ |D|,
the impurity magnetization for D < 0 begins to deviate
from the curve for D = 0 and, for gsupB < |D|, con-
verges to a D-dependent value larger than gsup(S—1/2).
In the limit of low fields, the impurity magnetization
curves for D < 0 shown in Fig. 2 are well described
by a linear field-dependence:

M/gspp

0.5 : :

b)

M/gspp

M/gspp

(logyo (—=D/W))
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FIG. 2. (Color online) Impurity magnetization M for differ-
ent anisotropy parameters D < 0 (easy axis anisotropy) as
function of magnetic field for kpT/W =~ 1.54 - 107" =~ 0,
coupling strength pJ = 0.07, and impurity spin a) S = 1,
b) S = 3/2, and c) S = 2. We compare with the magne-
tization of an impurity with D = 0 (solid line). As before,
equal g-factors of electrons and impurity are assumed. Ver-
tical lines mark the respective value of kBTH/W, which is
determined by fitting the universal Bethe Ansatz solution for
Mimp(T = 0) in case of D = 0. For pJ = 0.07 and S = 2, we
find kpTe /W = 6.8-107".

M(B,T ~0) ~ Mo(D) + A(D)- gsppB/W . (15)

M (D) thus corresponds to the impurity magnetization
in the groundstate of Hamiltonian (1) for infinitesimal
magnetic field. The low-field behavior for D < 0 as de-
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FIG. 3. (Color online) Impurity magnetization M as function
of magnetic field for anisotropy D/W = —10* and non-zero
temperature kgT/W =~ 1.03-107% for S = 1, kgT/W =~
1.28-1078 for S = 3/2, and kpT/W =~ 1.58-107'° for S = 2.
Note that M is not saturated for any field in the plot range
(cf. the results for kgT/W = 0 in Fig. 2). Open symbols
represent fits using a rescaled and shifted Brillouin function,
Bs(z) = vBs(nz), and solid (green) lines fits using a rescaled
and shifted Langevin function, L(z) = yL(nz).

scribed by Eq. (15) is different from that displayed by
an isotropic impurity: For D = 0 and S > 1, the impu-
rity contribution to the magnetization Mim,(B), which is
proportional to M(B) according to Eq. (14), approaches
the limit of zero magnetic field with slowly decaying log-
arithmic corrections.46:47-72

From the results presented in Fig. 2 we conclude that
for non-zero magnetic field and D < 0 a larger value of
|D| leads to a larger impurity magnetization M, with the
upper bound for |D| — oo given by the free saturation
value gsupS. This observation is in agreement with the
expectations formulated at the beginning of this section.
One might therefore say that an easy axis anisotropy sta-
bilizes the impurity spin.

Taking another look at Fig. 2 and focusing on the
regime of small magnetic fields with gsupB < |D|, one
could be misled to think that there is a saturation of
the impurity magnetization M (this impression would
not occur for an impurity with D = 0). This raises the
question whether it is possible to approximately describe
the field-dependence of M for gsupB < |D| and non-
zero temperature kT < |D| using a model for a free
spin. In the simplest case, such a description could be
provided by a Brillouin function Bg(z), which gives the
temperature- and field-dependence of the magnetization
of a free and isotropic spin S. As demonstrated in Fig.
3 for one value of D, it is in fact possible to adequately
fit the magnetization M(B,T > 0) for an impurity with
easy axis anisotropy using a rescaled and shifted Brillouin
function, Bg(z) = vBg(nz) with free parameters v and
7, as long as kT < |D| and gsupB < |D|. However,
larger fields than those considered in Fig. 3 would reveal
that M is actually not yet saturated (cf. Fig. 2). The
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ratio of |D| and kT determines the “apparent satura-
tion value” of M and thus the parameter . In contrast
to a fit with a modified Brillouin function, a classical
description using a rescaled and shifted Langevin func-
tion, L(z) = vL(nz) with L(z) = limg_,o Bs(x), does
not work well for magnetic fields close to the “satura-
tion field” (cf. the solid lines in Fig. 3), as expected for a
quantum mechanical system with low spin. Nevertheless,
a fit using L(z) can produce reasonable results for fields
that are small compared to the “saturation field”.

The results depicted in Fig. 3 might be of importance
for an experimental study of a system that is (approxi-
mately) described by Hamiltonian (1) with a strong easy
axis anisotropy. It is then conceivable that a measure-
ment of the magnetization for magnetic fields that can
be realistically produced in an experiment (depending
on the value of D, fields with gsupB ~ |D| might not
be obtainable) does not allow to distinguish between the
magnetic response of an impurity spin with easy axis
anisotropy and that of a free spin. Such a scenario seems
more likely if the experimental control over the g-factor
and the absolute magnitude of the magnetization is lim-
ited, and if |D| is large compared to kgTy so that the
“apparent saturation value” of the impurity magnetiza-
tion lies close to the free saturation value gsupS.

B. Impurity contribution to the magnetization and
the susceptibility

We have furthermore investigated the relationship be-
tween Mimp for non-zero magnetic field and the impurity
contribution to the susceptibility Ximp at zero field. At
low temperature kT < |D|, Ximp Obeys a Curie law with
a Curie constant interpolating between the free isotropic
value of S(S+ 1)/3 for |D| — 0 and the free anisotropic
low-temperature value of S? for |D| — 00.%3 It turns out
that there is a simple relation between the Curie constant
and the low-temperature magnetization My, for small
magnetic fields gsupB < |D|:

(951B)? |p=o, ksT<|D|  \ISHB

h<|D|, kpT<h 7
(16)
with h = gspupB. The relative deviation between left
hand and right hand side of Eq. (16), as determined by
NRG calculations for all parameter combinations used
in Fig. 2, is less than 1 %o. The relationship between
zero-field susceptibility and magnetization expressed by
Eq. (16) is actually the same as for a doublet composed
of states with magnetic quantum numbers =M. In par-
ticular, a free spin with easy axis anisotropy effectively
reduces to such a doublet at low temperature kgT < |D|,
as discussed at the beginning of this section.
In summary, the following picture of the low-
temperature properties of a Kondo impurity with easy
axis anisotropy is obtained: The impurity effectively
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FIG. 4. (Color online) Energy levels with magnetic quantum
numbers M (upper panels) and magnetization (lower panels)
as function of magnetic field for an anisotropic spin, described
by Hamiltonian (5) with D > 0 (hard axis anisotropy), with
a) S=1,b) S =3/2, and ¢) S = 2. For the magnetization
curves and fields larger than the respective saturation field,
temperature increases from top to bottom.

acts as a two-level system with residual entropy Simp =
kpIn 2,53 that splits up in a small magnetic field (leading
to Simp = 0) and displays an unusual groundstate magne-
tization indicative of a so-called “fractional spin”%3. De-
spite this special property, the combination of Ximp and
Mimp shows that the magnetic response at low tempera-
ture and field still resembles that of an ordinary magnetic
doublet.

VI. IMPURITIES WITH HARD AXIS
ANISOTROPY

We now investigate how an additional hard axis
anisotropy (D > 0) affects the magnetic properties of
the impurity spin. To lay the foundations for a study of
the full impurity problem, we first discuss the magnetic
field dependence of the magnetization for a free spin with
hard axis anisotropy that is described by Hamiltonian (5)
with D > 0.

For positive D and B = 0, the eigenvalues of Hamil-
tonian (5) are energetically ordered according to the ab-
solute value of their magnetic quantum number M. De-
pending on the spin S, the groundstate is thus either a
singlet with M = 0 (for integer S) or a doublet with
M = +£1/2 (for half-integer S). In either case, the rest
of the energy spectrum consists of doublets with mag-
netic quantum numbers £M and 1/2 < M < S. The
energy gap Ay between a level with quantum num-
ber M and the next higher-lying doublet is given by
A = (2IM] +1)D. As a consequence of the mag-
netic field dependence of the energy levels due to the
Zeeman term in Eq. (5), n groundstate level crossings
occur for positive magnetic fields, with n = S for integer
spin and n = § — 1/2 for half-integer spin. At the field
By = Auy/gspis, the magnetic quantum number of

the groundstate abruptly changes from —M to —(M +1)
and hence the zero-temperature magnetization curve dis-
plays a discontinuous step. This connection is illustrated
in Fig. 4 for spin S = 1,3/2, and 2. Non-zero tem-
perature smears out the magnetization steps and renders
them continuous. As the low-energy situation is the same
in the vicinity of each groundstate level crossing, so is the
effect of moderate temperature (cf. Fig. 4 c).

Since the groundstate of a free spin with hard axis
anisotropy in zero magnetic field differs for integer and
half-integer spin, the properties of the full impurity
model (1) with D > 0 and B = 0 also depend on
the impurity spin S.53 A simplified picture applies for
large ratios D/kpTy > 1. In this case, little Kondo
screening can occur for decreasing temperature before
the anisotropy becomes effective on the energy scale
kT ~ D and higher-lying impurity states are frozen
out.%% The impurity spin is then approximately reduced
to the groundstate of the corresponding free spin with
D > 0.53 For integer S, this is a non-magnetic singlet. In
contrast, a doublet with M &~ +1/2 is effectively formed
for half-integer impurity spin. In Ref. 63 it is shown that
this doublet undergoes pseudo-spin-1/2 Kondo screening
at low temperature kT < D. The observed Kondo ef-
fect is described by an anisotropic exchange interaction
which reflects that the effective doublet emerges from the
original impurity spin multiplet.%3

For a free spin with hard axis anisotropy in non-zero
magnetic field, Fig. 4 demonstrates that the two en-
ergy levels which form the degenerate groundstate at
a level crossing field have magnetic quantum numbers
differing by |AM| = 1. This means that the two lev-
els are connected by a single spinflip. For the full im-
purity model (1) with D/kpTy > 1 we therefore ex-
pect that at certain magnetic fields and for low temper-
ature kT < D the impurity spin is effectively reduced
to a doublet with |AM| = 1 so that a “field-induced”
pseudo-spin-1/2 Kondo effect can arise. In particular, the
screening should be exchange-anisotropic as the impurity
spin is again restricted to a subset of all its states for
kT < D. Since all free spins with hard axis anisotropy
display groundstate level crossings, these field-induced
Kondo effects ought to be observable for arbitrary impu-
rity spin S > 1 at D/kgTy > 1. Furthermore, for large
D the number of field-induced Kondo effects is expected
to match the number of groundstate level crossings that
occur for the corresponding free spin with D > 0.

A. DMagnetic field dependence of the impurity
magnetization

We begin with a discussion of the magnetic field de-
pendence of the impurity magnetization M(B) for equal
g-factors and quasi-vanishing temperature T ~ 0. Mag-
netization curves for impurity spin S = 1,3/2, and 2,
and several values of the anisotropy parameter D > 0
are shown in Fig. 5. Since the coupling strength pJ,
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FIG. 5. (Color online) Impurity magnetization M for varying
hard axis anisotropy D > 0 as function of magnetic field for
temperature kT /W =~ 1.54 - 10715 & 0, coupling strength
pJ = 0.07, equal g-factors, and impurity spin a) S = 1, b)
S =3/2,and c) S = 2. The value of D increases from bottom
to top or from left to right, respectively. Note the rescaling
of the Zeeman energy gspupB by D. Circles indicate those
magnetization curves for which |(D — kgTx)/W/| is minimal.

and thus the energy scale kT according to Table I,
is kept constant, the ratio D/kpTy is varied. It turns
out that this ratio determines the qualitative behavior of
the impurity magnetization curves. Note that a linear
magnetic field scale is used in Fig. 5 to allow for an easy
comparison with the results for a free spin with hard axis

157

anisotropy from Fig. 4.

For an interpretation of the results for M(B,T = 0),
let us first consider the two limiting cases in which D
is either small or large compared to kgTy. In the fol-
lowing, imagine that we move from large magnetic fields
to lower fields. If D is large, then little Kondo screen-
ing can occur before the anisotropy becomes effective.
As a guideline, we might thus think of the energy spec-
trum of a free spin S with hard axis anisotropy. On the
other hand, for small D significant Kondo screening can
take place before the magnetic field reaches the energy
scale defined by the anisotropy, so that it eventually be-
comes more appropriate to think of the energy levels of
a free spin S — 1/2 with hard axis anisotropy. As illus-
trated in Fig. 4, groundstate level crossings occur for
a spin with hard axis anisotropy at certain fields and
give rise to steps in the zero-temperature magnetization
curve. For small and large anisotropy D, the impurity
magnetization M(B,T = 0) also displays sharp, step-
like features that are surrounded by magnetic field do-
mains in which M only slowly increases with B (“pseudo-
plateaus”). However, due to the energy continuum of
electronic states, these sharp features remain continuous
even in the limit of zero temperature. The number of
steps and their position relative to the field D/gsup de-
pends on the impurity spin S for large D and on the
residual spin S — 1/2 for small D, respectively. The case
S = 1 is special because the residual spin-1/2 cannot
have uniaxial anisotropy. The single step which exists
for S = 1 at large D therefore disappears for smaller
values of D. With respect to the energy scale imposed
by the anisotropy, the steps in the impurity magnetiza-
tion curves become well-defined for small and large D (cf.
Figs. 5 b and ¢). In addition, the pseudo-plateaus be-
come flatter. Fig. 5 ¢ furthermore suggests that the two
steps appearing in M(B,T = 0) for S = 2 and large D
have different width. We are going to discuss the aspect
of step width in more detail in Sec. VIB. In particular,
it will be shown that an impurity magnetization step is
steeper if it occurs at larger field. It turns out that a
standard z-averaging of the NRG results introduces arti-
facts into the magnetization steps for large anisotropy D.
This problem is investigated in more detail in the context
of an effective model in App. D. The plots shown in Fig.
5 are not visibly affected by this numerical shortcoming.

The position of the steps in the impurity magnetization
curves for both small and large anisotropy D compared
to kpTy seems interesting. Figs. 5 b and c¢ show that
for small D and impurity spin S = 3/2 and S = 2 a step
occurs at a magnetic field which is smaller than the cor-
responding level crossing field for a free spin S —1/2 with
hard axis anisotropy (cf. Fig. 4). In contrast, for large D
and all three impurity spins considered in Fig. 5, each im-
purity magnetization step is found at a field exceeding the
corresponding level crossing field for a free spin S with
D > 0. One might wonder whether the half-bandwidth
W of the electrons has an impact on these two effects. To
investigate this question for the case of small anisotropy,
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we have calculated additional magnetization curves for
impurity spin S = 3/2 and S = 2 with decreasing cou-
pling strength pJ (0.09, 0.07, and 0.05). Since p = 1/2W,
a reduction of pJ can be interpreted as an increase of the
half-bandwidth W for constant J. For each value of the
coupling strength the anisotropy parameter was chosen
so as to give a constant ratio D/kgTy = 1073 according
to Table I. With this choice of D, a reduction of pJ leads
to a shift of the step in the impurity magnetization curve
towards smaller fields relative to D/gspp. This suggests
that the effect observed for small D is not bandwidth-
related. The question at which fields impurity magneti-
zation steps occur for large anisotropy is investigated in
Sec. VIB.

The limiting cases of small and large anisotropy D
compared to kT are connected by a regime with par-
tial Kondo screening in which it is not possible to exclu-
sively think in terms of the impurity spin S or an residual
spin S — 1/2. Impurity magnetization steps are broad-
ened in this regime with respect to the energy scale D
and, upon reducing the anisotropy parameter, move to-
wards lower fields relative to D/gsup (see Fig. 5 b).
In addition, one step disappears for D =~ kgTy in case
of integer impurity spin (cf. Fig. 5 ¢). Kondo screen-
ing effectively changes the impurity spin S from integer
to half-integer and vice versa.%3 Depending on the ratio
D/kpTy and the resulting degree of Kondo screening,
different behavior of the impurity magnetization is there-
fore observed, in particular for fields gsup B < D: While
there is little magnetic response for an effective integer
spin (at zero temperature, there is none at all for a free in-
teger spin with hard axis anisotropy as shown in Fig. 4),
we have larger impurity magnetization M =~ ggup/2 for
effective half-integer spin. However, in the latter case an
additional pseudo-spin-1/2 Kondo effect occurs®® which
leads to a suppression of the impurity magnetization for
magnetic fields gsupB < D.

In order to study the three different anisotropy regimes
(D/kpTy < 1, D/kpTy = 1, and D/kgTyg > 1) in
more detail, selected impurity magnetization curves from
Fig. 5 are replotted using a logarithmic magnetic field
scale (see Figs. 6, 7, and 8). This brings out pseudo-spin-
1/2 Kondo effects more clearly and allows for a better
comparison with the magnetization of an impurity with
D = 0. Figs. 6, 7, and 8 furthermore demonstrate the
effect of non-zero temperature on the impurity magneti-
zation in case of hard axis anisotropy.

At large magnetic field gsupB > D, the magnetiza-
tion curve M(B,T = 0) for an impurity with hard axis
anisotropy closely resembles the result for D = 0. For
lower fields gsupB 2 D, the anisotropy eventually be-
comes effective and the impurity magnetization begins to
deviate from the curve for D = 0. In this sense, an addi-
tional hard axis anisotropy prevents the Kondo screening,
which would reduce the impurity spin S to an residual
spin S — 1/2 in the limit gsupgB/kpTy — 0 for D = 0,
from completing. The ratio D/kgTy controls the extent
of Kondo screening on the energy scale D. In particular,
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FIG. 6. (Color online) Impurity magnetization M as func-
tion of magnetic field for impurity spin S = 1 and anisotropy
parameter a) D/W = 1072, b) D/W = 107° and c)
D/W = 107" (solid lines, cf. Fig. 5). Dashed lines show
M(B) for D = 0 and kgT/W = 1.54-107'® ~ 0. For the
light gray lines, the approximate value of kT /W increases
from left to right from a) 4.35-10* t0 6.10-1072, b) 1.99-107
t0 6.79-1072, and c¢) 4.73-1071° £t0 6.79-1072. Adjacent finite-
temperature curves in plots b and c are calculated using trun-
cated Wilson chains whose lengths differ by either four or five
lattice sites. Thin vertical lines indicate the respective Zee-
man energy gspupB = D. For the chosen coupling strength
pJ = 0.07 and D = 0, we have kpTu/W =~ 3.39 - 107" ac-
cording to Table I.

it determines whether the number and approximate po-
sition of the steps in the zero-temperature impurity mag-
netization curve correspond to the magnetic response of
a free spin S with D > 0 (for D/kgTy > 1 and lit-
tle Kondo screening, cf. Fig. 4) or a free spin S — 1/2
with D > 0 (for D/kgTh < 1 and considerable Kondo
screening).

M(B,T = 0) displays a linear dependence on B for
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FIG. 7. (Color online) Impurity magnetization M as function
of magnetic field for impurity spin S = 3/2 and anisotropy
parameter a) D/W = 1072, b) D/W = 10"%, and ¢) D/W =
10710 (solid lines, cf. Fig. 5). As before, dashed lines show
M(B) for D = 0 and kgT/W = 0. For the light gray lines,
the approximate value of kT /W increases from left to right
from a) 1.61-107° to 1.05-107*, b) 3.45-1077 t0 6.79- 1073,
and ¢) 1.01-107*! to 6.79-107%. Adjacent finite-temperature
curves in plots b and c are again calculated using truncated
Wilson chains whose lengths differ by either four or five lattice
sites. Magnetic fields satisfying gsupB = nD with n = 1,2
are highlighted by thin vertical lines. According to Table I,
kpTu/W = 4.55-1077 for pJ = 0.07 and D = 0.

Zeeman energies that are small compared to all relevant
energy scales. If temperature is high so that kgT > D,
then M(T, B) is suppressed for magnetic fields of the
order of and smaller than kpT/gsup. On the other
hand, judging by the relative deviation from the zero-
temperature curve, finite temperature has negligible ef-
fect on the impurity magnetization if the thermal energy
falls into the energy regime in which M(B,T =~ 0) x B
(such a temperature independence is known for an im-
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FIG. 8. (Color online) Impurity magnetization M as func-
tion of magnetic field for impurity spin S = 2 and anisotropy
parameter a) D/W = 1072, b) D/W = 1075 and c)
D/W = 107% (solid lines, cf. Fig. 5). Dashed lines again
show M(B) for D = 0 and kgT/W =~ 0. For the light gray
lines, the approximate value of kT /W increases from left
to right from a) 7.54 - 10™* to 1.05- 107", b) 3.45- 107" to
6.79-1072, and c) 5.26- 107" to 6.79-107%. Adjacent finite-
temperature curves in plots b and c are calculated using trun-
cated Wilson chains whose lengths differ by four to six lattice
sites. Thin vertical lines indicate magnetic fields satisfying
gsupB =nD, withn =1,2 3. For pJ = 0.07 and D = 0, we
obtain kpTw /W =~ 6.8-107".

purity with S = 1/2, as discussed in Sec. IV A). In this
regard, M differs from the magnetization of a free spin
with hard axis anisotropy for which non-zero tempera-
ture is always relevant. If the impurity magnetization
curve features steps, they are smeared out for sufficiently
high temperature. In case there is more than one step
in M(B,T =~ 0) (cf. Fig. 8 a), then, as a further differ-
ence compared to a free spin with hard axis anisotropy,
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non-zero temperature has unequal effect on the different
steps. We come back to the last two observations in Sec.
VIB.

Ref. 63 arrives at the conclusion that an impurity
with additional hard axis anisotropy undergoes exchange-
anisotropic pseudo-spin-1/2 Kondo screening if higher-
lying impurity states are frozen out so that the impu-
rity is effectively reduced to a spin-1/2 doublet. For
gsppB < D and low temperature, the impurity mag-
netization is therefore either suppressed if the impurity
spin is effectively reduced to a singlet (see Figs. 6 a,
7 ¢, and 8 a), or it reflects the magnetic response of a
Kondo screened pseudo-spin-1/2 doublet (cf. Figs. 6 c,
7 a, and 8 c¢). For small D and integer impurity spin,
the corresponding Kondo temperature decreases faster
than linear in D upon reducing the anisotropy (it even
drops exponentially fast in the special case S = 1).%3 As
a result, the pseudo-plateau that appears for S = 2 at
magnetic fields gsupB < 2D (see Figs. 8 ¢ and 5 ¢) be-
comes flatter and broader when decreasing D, whereas
a reduction of D eventually leads to quasi-isotropic be-
havior over the whole considered magnetic field range
for S = 1 (see Figs. 6 c and 5 a). On the other
hand, for large and increasing anisotropy D and half-
integer impurity spin, the observed screening effect is
increasingly well described by an exchange-anisotropic
S = 1/2-Kondo model, whose Kondo temperature has a
value much smaller than W/kp.®3 This means that the
pseudo-plateau occuring for impurity spin S = 3/2 and
fields gspupB < 2D (see Figs. 7 a and 5 b) becomes more
pronounced for larger anisotropy D. As a final remark,
Fig. 8 a once again shows the different width of the two
impurity magnetization steps for S = 2 and large D.

In App. C we investigate how the magnetization curves
M(B,T = 0) are affected by the ratio g./gs of electron
and impurity g-factor. It turns out that the difference be-
tween the impurity magnetization for a local and a bulk
magnetic field can be related to the connection between
M and My, for equal g-factors.

B. Field-induced Kondo effects

In order to better understand the steps in the low-
temperature magnetization curves for large anisotropy
D > 0 (cf. Figs. 5 and 9 a), we now derive effective
models near groundstate level crossings (LCs) of the cor-
responding free spin with hard axis anisotropy (see Fig.
4). These models are approximations to the full Hamil-
tonian in the limit of large D.

1. Effective models near groundstate level crossings in the
limit of arbitrarily large anisotropy

For given impurity spin S > 1 let us consider one of
the groundstate level crossings of the corresponding free
spin with hard axis anisotropy (cf. Fig. 4). If D is large,

then the two levels which cross in the groundstate are en-
ergetically well separated from the rest of the spectrum
in the vicinity of the LC field. As an approximation for
the full impurity model near this free LC field, we there-
fore project the impurity degrees of freedom in Hamilto-
nian (1) onto the two impurity states involved in the free
LC. This way, the impurity Hilbert space is reduced to
two states and the impurity spin S can thus be mapped
to an effective spin-1/2. While the projection becomes
exact only in the limit D — oo, we expect it to be a
quantitative approximation for D > W and D > kpT.

The mapping of the impurity spin to a pseudo-spin-
1/2 is an extension of the ideas from Refs. 68 and 63.
In contrast to the case of zero magnetic field that has
been studied there, we do not project onto impurity dou-
blets with M = +1/2 (see below). Furthermore, at each
LC, i.e., for each step in the magnetization curve, the
impurity is reduced to a different pair of states. As a
consequence, different parameters of the effective model
are obtained at each LC.

We intend to use the effective models to determine the
magnetic fields at which steps appear in the impurity
magnetization curves for large anisotropy D (cf. Fig. 5),
and to investigate how the properties of the full impurity
model differ near the various free LCs (as indicated, e.g.,
by Fig. 9 a). Compared to the full model, the effective
models are numerically less demanding as they feature a
spin-1/2 impurity independent of the value of S, and they
allow to study the effect of the different terms appearing
in the effective Hamiltonian.

To be specific, we consider the two impurity states
with magnetic quantum numbers —M and —(M + 1)
(assuming M > 0), which cross at the free LC field
By = (2M +1)D/gsup, and project the impurity and
interaction part of Hamiltonian (1) onto them. The ef-
fective model is determined by requiring that its matrix
representation be equal to that of the full model in the
chosen subspace. Note that we have to introduce new im-
purity states by shifting the magnetic quantum number
in order to map the impurity spin to a pseudo-spin-1/2.
This mapping then corresponds to the following replace-
ments for the impurity spin operators:

ST = J(S—M)(S+M+1) s, (17)
SY = V(S—-M)(S+M+1) s¥, (18)
S* = s — (M +1/2) L, . (19)

The impurity formally has spin s = 1/2 now and the
replacement for (§%)? directly follows from that for S=.

In the parameter regime in which the projection is valid,
the mapping for S* leads to the following connection be-

tween the impurity magnetization of the full and effective
model:

M/gspp = —(S%) = —(s7) + (M +1/2) . (20)



There is an analogous relationship for the impurity con-
tribution to the magnetization My, as seen from Eq.
(10). According to its definition, the impurity contribu-
tion to the magnetic susceptibility Ximp is not affected
by the shift of the magnetic quantum numbers.

Applying mappings (17) to (19) to the full impurity
model (1) and dropping all constant terms, the following
Hamiltonian is obtained:

Hy (S, M) = crocl,Cho — 15§ (21)
k.o

T T Yy z .z
+J1(s68" + 508%) + Jys6s
z

+ gsup(B — Bum)s®,

~

with the set of parameters

€ko = €k + 0geip B (22)
(0 ==+1/2),
k=(M+1/2)J, (
J=V(S-M)(S+M+1)J, (
JH = J, (25
By = (2M +1)D/gsps - (

In contrast to the full Hamiltonian, H,(S,M) is

exchange-anisotropic with J; > Jj: J/J| grows with S
and decreases with increasing M (while always present,
the exchange anisotropy thus becomes weaker with every
further LC). The Zeeman term for the impurity is now
expressed relative to the free LC field Byy. H (S, M)
furthermore contains the new term —rsg representing
an effective magnetic field, which couples to the elec-
tron spin at the origin and points in the opposite direc-
tion of the external field B. With respect to NRG, this
term can be regarded as spin-dependent scattering at the
zeroth site of the Wilson chain. It breaks the invari-
ance under a spinflip transformation ( Cko = Ck—o and
s — (s%,—sY,—5%)), which H(S, M) would otherwise
possess for B = Bjy;. While the scattering parameter
k grows with M, the ratio /B is independent of M.
Starting with the second LC, & is larger than Jj. The
ratio x/J, which at first is smaller than 1, also grows
with M and eventually becomes greater than 1 if S is
large enough.

As an analogue to the free LC field By, we call the
magnetic field Bgrc for which the impurity magnetiza-
tion vanishes at zero temperature (i.e., the two impurity
levels are effectively degenerate) “effective level crossing
(ELC) field”:

(s%)(BpLc, T =0)=0. (27)

In the parameter regime in which the mapping to a
pseudo-spin-1/2 is valid, there is a step in the impurity
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magnetization curve of the full model at the ELC and,
according to Eq. (20), the value of M at the ELC field is
M(Bgrc, T =0) = gspup(M +1/2). In the following, we
discuss the properties of Hamiltonian (21) in more detail
for the two different cases g, > 0 and g. = 0.

Let us begin with the case g, > 0. As the free LC field
Bj is proportional to D, the limit D — oo also corre-
sponds to the limit B — co. A non-zero Zeeman coupling
of the electrons therefore leads to their complete polariza-
tion so that formally they may be replaced with spinless
fermions (corresponding to spin-down electrons). Since
the remaining fermion band is then completely filled, all
interaction terms vanish and the electrons can be com-
pletely eliminated from the problem. For g, > 0 and
arbitrarily large D, Hamiltonian (21) thus reduces to a
pure spin model:

~ ~ J/2
1B = gsun (B 20 )
gsHB

Here, we have introduced a relative magnetic field B =
B — Bjp;. As the only remnant of the interaction be-
tween impurity and electrons, a shift of the free LC field
remains. This shift is positive for antiferromagnetic cou-
pling J > 0 and only depends on the coupling strength,
but not on S or M. It is thus the same for all LCs. From
the effective model (28) we learn that the ELC fields
eventually exceed the free LC fields for g. > 0 and large
anisotropy D (cf. Fig. 5).

We now turn to the case of a local magnetic field. Set-
ting g = 0 and using the relative field B, Hamiltonian
(21) becomes the effective model for arbitrarily large D:

HG™(B:S.M) = H(S.M)| . (29)
ge=

We are particularly interested in the properties of
H'%=(B; S, M) at the ELC field Bgrc = Brrc — Bur.
Due to the scattering term, the effective model does
not exhibit a spinflip-invariance at the ELC. It there-
fore seems that the ELC is not characterized by spe-
cial symmetry properties. A spin-independent (poten-
tial) scattering term can be treated by transforming to
scattering states which diagonalize the electronic part of
the Hamiltonian (cf. App. C of Ref. 79). Although
such a transformation can be easily adapted to the case
of spin-dependent scattering, it does not seem to yield
the intended results. The approximation which is used
in the spin-independent case (a modification of the den-
sity of states at the Fermi level expressed by an effective
coupling parameter)”™ would restore spinflip-invariance
for B = 0 in the spin-dependent case and would thus
erroneously imply (s*)(B = 0,7) = 0. Instead, we are

going to use NRG to determine the ELC field EELC and
to study the properties of Héffezo)(BELc; S, M).

For the interpretation of the properties of the full
Hamiltonian (1) near the ELCs, we are going to use the
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main results for the effective model IN{(gﬂf:O) (EELCQ S, M).

€

These are explicitly demonstrated in Sec. VIB4 and are
summarized in the following. At an ELC the spin-1/2
impurity of the effective model is Kondo screened for
T — 0. The temperature dependence of the impurity
contribution to the entropy at an ELC is described by
the corresponding universal function for the exchange-
isotropic S = 1/2-Kondo model without scattering term
and Zeeman term. Since the parameters of the effective
model are different near each free LC (see Egs. (23) and
(24)), there is also a different Kondo temperature TEXC
at each ELC. It turns out that T2C decreases with in-
creasing M, i.e., TIE<LC becomes smaller with every fur-
ther ELC.

2. Magnetic field dependence of impurity contributions near
effective level crossing fields

Armed with the effective model j;i'i‘zfe:o)(g; S, M) for

a local magnetic field, we now study in detail the field-
dependence of typical impurity contributions of the full
impurity model for moderately large anisotropy D > 0.
In Fig. 9 results for Mimp(B), Simp(B), and T'Ximp(B)
are shown for impurity spin S = 3 and anisotropy
D/W = 1073. As before, equal g-factors have been
assumed. 80

Let us start with a discussion of the magnetization
curves depicted in Fig. 9 a. According to the previ-
ously considered behavior of the impurity magnetization
M and its connection with My, there are also steps
in Mimp(B) at low temperature. These steps have finite
widths for 7" — 0 and are smeared out for sufficiently high
temperature. It is noticeable that the steps have differ-
ent widths: A step occurring at larger magnetic field is
steeper. Fig. 9 a furthermore indicates that the effect of
non-zero temperature is different for the different steps.
In contrast, for a free spin with hard axis anisotropy
the steps in the magnetization become discontinuous for
T — 0 and the effect of non-zero (small) temperature
is the same for all of them (see Fig. 4). In the chosen
representation of Fig. 9 a, the pseudo-plateaus between
the steps become flatter in the direction of increasing
magnetic field and approach the true zero-temperature
plateaus of the free spin with hard axis anisotropy from
below for growing D (cf. Fig. 5).

The behavior of Miy,,(B) as shown in Fig. 9 a can
be understood by considering the magnetic field de-
pendence of My, for the S = 1/2-Kondo model with
ge = gs. As discussed in Sec. IVA, Mimp(z,T = 0) is
described by a universal function f; /o(2) with the vari-
able x = gsupB/kpTy and Ty < Tk according to Eq.
(12).6 f1/o(x) is linear in x for 2 < 1 and thus the slope
of Mimp(B) for small fields is higher if the Kondo tem-
perature is smaller.#6:4” This relation is also expressed by
the definition of the Kondo temperature from Eq. (11).
Combined with the prediction of the effective model with
ge = 0 for the Kondo temperatures at the different ELCs,
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FIG. 9. (Color online) Impurity contribution to a) the mag-
netization Mimp, b) the entropy Simp, and c) the effective
moment T'ximp as function of magnetic field for impurity spin
S = 3, hard axis anisotropy D/W = 1073, and several tem-
perature values. In plot a, the dashed curve shows Mimp(B)
for kT /W ~ 0, and for the curves in plots b and ¢ tempera-
ture increases from bottom to top. Thin vertical lines indicate
the (equal) peak positions for Simp(B) and T'Ximp(B). As be-
fore, the coupling strength is chosen as pJ = 0.07 and equal
g-factors are used.

this observation explains why different steps in a sin-
gle magnetization curve of the full model have different
widths at zero temperature. In case of the S = 1/2-
Kondo model, temperature has to reach the scale of Tk
to become relevant for the zero-field susceptibility.!® For
this reason, thermal broadening of a step in My, (B)
begins at lower temperature if the step occurs at a later
ELC with smaller TEXC. TFurthermore, away from an



ELC the magnetization reaches values of the order of
the respective saturation value for smaller magnetic fields
(relative to the ELC field) if the Kondo temperature at
the ELC is lower. It subsequently enters the regime of
very slow growth towards saturation, which shows up in
Fig. 9 a in the form of a pseudo-plateau. This also
explains why pseudo-plateaus between later ELCs with
smaller TELC are flatter.

Results for the impurity contribution to the entropy
Simp (B) and the effective moment T'ximp (B) at low tem-
perature kT < D are shown in Fig. 9 b and c, re-
spectively. In both cases we observe peaks of varying
height and width whose positions coincide with those of
the steps in Mimp(B). We find that the peaks become
both higher and narrower with every further ELC. If the
temperature is reduced, the peak heights decline and at
the same time, if T is not too low, the peaks become
sharper. It is noticeable that there is a temperature be-
low which the width of the first peak in both Sin, and
T'Ximp Vvaries only little as a function of 7T'.

At zero temperature both Siyp and T'Ximp vanish for
all magnetic fields. In case of the entropy, the reason is
that the magnetic field either leads to a non-degenerate
groundstate or it creates an effective impurity doublet
which is then Kondo screened. The effective moment,
on the other hand, has to go to zero since the slope of
Mimp(B) at zero temperature, i.e., Ximp(B,T = 0), is
finite for all fields. For large anisotropy D, the tem-
perature dependence of the peak heights is determined
by the pseudo-spin-1/2 Kondo effects that take place
at the ELCs (see the next section and Fig. 10 for de-
tails). By recollecting results for the S = 1/2-Kondo
model,’! we can furthermore understand the different
peak widths and their temperature dependence. In case
of the S = 1/2-Kondo effect, the Zeeman energy gsupB
has to reach the energy scale of max (kgT, kgTy) in or-
der to considerably suppress Simp and TXimp.>' In par-
ticular, since the lowest temperatures considered in Fig.
9 are smaller than TELC at the first ELC (cf. the in-
dicated temperature range in Fig. 10 a), temperatures
are reached for which the thermal broadening of the first
peak is small.

3. Temperature dependence of impurity contributions at
effective level crossing fields

Fig. 10 shows the temperature dependence of Simp,
TXimp, and Ximp at the three ELCs that occur for the
example considered in Fig. 9. In case of entropy and
effective moment it is thus demonstrated how the peak
heights in Figs. 9 b and ¢ decrease when the temperature
is lowered. Note that in this section “anisotropic impu-
rity” always means “exchange-isotropic impurity in the
presence of hard axis anisotropy”.

Simp(T, B =0) for an impurity with S =3 and D =0
interpolates between the limiting values of kgln7 (for
T — oo) and kpln6 (for T = 0), according to the
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FIG. 10. (Color online) Main plots: Impurity contribu-
tion to a) the entropy Simp, b) the effective moment T'Ximp,
and c) the magnetic susceptibility Ximp as function of tem-
perature for impurity spin S = 3 and hard axis anisotropy
D/W = 1073. The chosen non-zero magnetic fields corre-
spond to the peak positions for Simp(B) and T'ximp(B) ac-
cording to Fig. 9. Also shown are NRG results for vanishing
coupling strength (dashed lines) and for D = 0 (dash-dotted
lines). Solid vertical lines delimit the temperature range con-
sidered in Fig. 9, whereas dashed vertical lines indicate the
thermal energy for which kgT = D. In the insets, data from
the main plots is presented for a reduced temperature range.

screening of half a magnetic moment (cf. Fig. 10 a).
In contrast, for the anisotropic impurity in zero field all
higher-lying impurity levels are frozen out on the energy
scale kgT ~ D so that Simp(T, B = 0) quickly drops to
zero.%3 At high temperatures kgT > D, on the other
hand, the anisotropic impurity behaves more and more
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like an impurity with D = 0. For the three ELC fields,
we observe qualitatively different behavior at low tem-
perature kT < D compared to the case of zero field:
Starting with Simp =~ kpIn2 for kgT < D, the effective
impurity doublet, which is formed due to the magnetic
field, undergoes Kondo screening with a value of TELC
that decreases with every further ELC. While there is
fair agreement with the results for a decoupled impurity
at kgT > D, low temperature kgT' < D reveals that the
ELC fields are not equal to the free LC fields. For this
reason, all states except the respective non-degenerate
groundstate are ultimately frozen out for T'— 0.

For an impurity with S = 3 and D = 0,
kBT Ximp(T, B = 0)/(gspp)? obeys a Curie law at both
high and low temperature (see Fig. 10 b) and goes from
S(S+1)/3=4 (for T — o0) to (S —1/2)(S+1/2)/3 =
35/12 (for T = 0). For the anisotropic impurity in
zero magnetic field, on the other hand, the increasing
thermal reduction to a non-magnetic groundstate for
kT < D leads to a vanishing effective moment at zero
temperature.%3 At very high temperature kgT < W
(not shown), we find the expected agreement between
TXimp(B = 0) for D = 0 and for D > 0. The effective
moment of the decoupled anisotropic impurity first goes
to about 1/4 at kT < D (according to the susceptibil-
ity of a doublet with |AM| = 1), but then quickly drops
to zero because of the non-degenerate groundstate with
good magnetic quantum number. For the anisotropic im-
purity at the ELC fields, we again observe Kondo screen-
ing for T'— 0 with different TEYC| starting with an effec-
tive moment of kT Ximp/(9spp)? ~ 1/4 at kgT < D.

According to its definition, the impurity contribution
to the susceptibility Ximp, for which results are presented
in Fig. 10 c, is the slope of Miy,p(B) and thus directly
yields information about the width of the steps in the
magnetization curve shown in Fig. 9 a. For an impurity
with D = 0 and S > 1, the zero-field susceptibility at
low temperature is described by a Curie law and thus
diverges for T'— 0. In contrast, Ximp(T, B = 0) for the
anisotropic impurity has a maximum at kT =~ D and
vanishes for zero temperature. Since the ELCs lie close
to the free LCs in this example, the susceptibility for the
decoupled anisotropic impurity displays a maximum at a
thermal energy of the order of the level splitting, but then
falls off at low temperature. At the ELCS, Ximp(T') for the
anisotropic impurity saturates at a finite value for 7" — 0
that increases with decreasing Kondo temperature.

Recently, it has been demonstrated that a field-induced
Kondo effect also occurs for Hamiltonian (1) with easy
axis anisotropy D < 0, additional transverse anisotropy
E, and a local magnetic field aligned along the z-axis.5

4. Properties of the effective model for vanishing electron
g-factor

We now return to the effective model for g, = 0 given
by Hamiltonian (29) in order to study its properties in
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FIG. 11. (Color online) Kondo temperature at the ELC field
(cf. App. D) for the effective Hamiltonian with g. = 0 as
function of the scattering parameter k (corresponding to a
pair of on-site energies egy = —eor > 0 for the zeroth site of
the Wilson chain) for fixed J) and three values of the coupling
parameter J, > Jj. Numbers in parentheses denote the re-
spective ELC field and lines are intended as a guide to the
eye. Pessimistic error bars would be smaller than the symbol
size. Additional crosses indicate the Kondo temperature for
parameters which, according to Eqgs. (23) and (24), corre-
spond to the given values of the quantum numbers S and M.
Small dots mark Tk for the case of potential scattering, i.e.,
for spin-independent on-site energies and zero magnetic field.
The Kondo temperature given in the upper right corner refers
to the exchange-isotropic case without scattering term.

greater detail. The ELC field EELC and the Kondo tem-
perature TEXC at the ELC field are determined as func-
tion of the parameters J)|, J , and x of the effective model
or, respectively, as function of the parameters J, S, and
M of the full Hamiltonian (according to Egs. (23) to
(25)). In App. D it is described how to reliably extract
these quantities from the NRG results.

We first investigate how the parameter s, which corre-
sponds to spin-dependent scattering at the zeroth site of
the Wilson chain with on-site energies ey = —egp > 0 as
seen from Eqs. (21) and (23), affects the values of Bgpc
and TELC. To this end, we interpret x as a free param-
eter of the effective model. For the exchange-isotropic
S = 1/2-Kondo model in zero magnetic field it is known
that ordinary (spin-independent) potential scattering can
be approximately mapped to a modified electron DOS at
the Fermi level or, equivalently, to an effective coupling
parameter Jog.7 This approximation predicts that an in-
crease of the scattering parameter reduces Jog and thus
also the Kondo temperature.

In the example shown in Fig. 11, spin quantum num-
ber S = 3 (as in Fig. 9) is considered and those cou-
pling parameters J, are chosen which, as per Eq. (24),
are assigned to the three magnetic quantum numbers al-
lowed for this value of S (i.e., M = 0,1,2). Without
scattering term, the Kondo temperature decreases when
J. is reduced.'®3 Additional spin-dependent scattering
further lowers TELC just as standard potential scatter-



ing with ey = €oy at zero magnetic field does, but in
comparison leads to smaller values of the Kondo temper-
ature. In accordance with the expression for J.g from
Ref. 79, the sign of the spin-independent on-site energies
does not affect Tx. Fig. 11 reveals that the decrease of
TELC accelerates with growing scattering strength. Fur-
thermore, we observe that the spin-dependent scattering
has a larger influence on the Kondo temperature at the
ELC field when the coupling parameter J, is smaller.

Let us now turn to the effect of x on the position of
the ELC field. An additional spin-dependent scattering
term breaks the spinflip-invariance and is therefore the
very reason for a non-zero value of Bgrc. It thus seems
plausible that a larger value of k also leads to a larger
absolute value of the ELC field (cf. the numbers in paren-

theses in Fig. 11). This increase of |Bgrc| decelerates
with growing scattering strength. A closer look at the
data reveals that x again has a stronger effect when the
coupling parameter J, is smaller.

Additional crosses in Fig. 11 mark the Kondo temper-
ature for those values of the scattering parameter x that
follow from Eq. (23) for the three considered M quantum
numbers. We observe that the effective model predicts a
decrease of TEFC with growing M, i.e., with every further
ELC. As the example demonstrates, this decline of the
Kondo temperature is due to three cooperating effects:
1) According to Eq. (24), J, becomes smaller when M
is increased. 2) Simultaneously, x becomes larger. 3)
Because of the decreasing value of J , the scattering pa-
rameter additionally gains in importance. For the ELC
fields gspp BrLc/W that belong to the three special val-
ues of TEXC, we obtain the following results (the error es-
timates indicate the variance with respect to z, see App.
D): —6.5970 32 - 1073 (S = 3, M = 0), —1.787005 - 1072
(M =1), and —2.367055 - 1072 (M = 2).

Finally, we investigate how the ELC field and the
Kondo temperature at the ELC field depend on the pa-
rameters of the full Hamiltonian (1), i.e., on J, S, and
M, with the parameters of the effective model given by
Egs. (23) to (25). First of all, we note that all obtained
(relative) ELC fields are negative. This supports the con-
clusion that, in the impurity magnetization curves for
equal g-factors and large hard axis anisotropy presented
in Fig. 5, the free LC fields are only exceeded because
of the electrons’ non-zero magnetic coupling. For S =1,
3/2, 2 and J/W = 0.14 (as in Fig. 5), the following
values for QSMBEELC/W are obtained: —3.901‘81%2 .1073
(S=1,M =0), —8277522.1073 (S = 3/2, M = 1/2),
—4.95T014 1073 (S =2, M = 0), and —1.31705% . 102
(S =2,M=1).

In contrast to the prediction of the effective model with
ge > 0 from Eq. (28), the ELC fields depend on the quan-
tum numbers S and M for vanishing electron g-factor
(see Fig. 12). With increasing value of S, i.e., with in-
creasing coupling parameter J,, the absolute value of
the ELC field grows as already seen in Fig. 11. A larger
coupling J increases all parameters of the effective model
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FIG. 12. (Color online) Negative value of the ELC field for
a set of parameter combinations of the effective Hamiltonian
with g = 0 which, according to Egs. (23) to (25), correspond
to the indicated spin quantum numbers .S, magnetic quantum
numbers 0 < M < S, and coupling parameters J. Projections
of the data points onto two planes are shown as small dots
and lines connect points belonging to the same value of S and
J. Pessimistic error bars would be smaller than the symbol
size.

(J)j,J1, and k) and, as demonstrated by Fig. 12, thereby

leads to a larger value of |Bgrcl|. It is furthermore evi-
dent that, with growing .J, the quantum number S gains
in importance: Fig. 12 shows that the “curves” for fixed
coupling strength “fan out” for larger values of J. The
dependence of the ELC field on the magnetic quantum
number is the result of two counteracting effects: 1) A
larger value of M leads to smaller coupling strength J
which, on its own, would lower |Bgrc|. 2) On the other
hand, the scattering term becomes stronger with increas-
ing M and would, on its own, enlarge |Bgrc|. For the
parameters considered in Fig. 12, there is a growth of
|Berc| with M for S < 7/2 that decelerates with in-
creasing M. In the case of S =4 and both J/W = 0.16
and J/W = 0.18, we observe a decrease of the absolute
value of the ELC field in the last step.

To conclude this section, the Kondo temperatures be-
longing to the ELC fields shown in Fig. 12 are presented
in Fig. 13. As the main result we find that, accord-
ing to the above explanation, the value of TEC increas-
ingly drops with growing M. On the other hand, a larger
value of S increases the coupling strength J;, and thus
also TELC. Tt turns out that the influence of S on TELC
is reduced for larger coupling J. As a consequence, the
“curves” for fixed J are “focussed” in the direction of in-
creasing coupling strength. We find that the dependence
of the Kondo temperature on J is the result of two coun-
teracting effects: 1) Both coupling parameters J; and
J1 grow with J and would, on their own, lead to a larger
value of TELC. 2) However, the scattering parameter s
is also increased and would, on its own, lower the Kondo
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FIG. 13. (Color online) Kondo temperature at the respective
ELC field for the same set of parameter combinations of the
effective Hamiltonian with go = 0 as in Fig. 12. Again,
pessimistic error bars would be smaller than the symbol size.
Three small crosses in the plane spanned by kpTElC /W and
J/W indicate the value of the Kondo temperature for the
exchange-isotropic case without scattering term (as inferred
from Table I using Eq. (12)).

temperature. For all parameter combinations considered
in Fig. 13, TELC is a monotonously increasing function
of the coupling strength J. As a final observation, the
relative decrease of the Kondo temperature between two
consecutive values of M (for fixed J) becomes smaller for
larger quantum number S.

5. Comparison of anisotropy- and field-induced
pseudo-spin-1/2 Kondo effect for half-integer impurity spin

In the case of half-integer impurity spin S > 3/2, two
different pseudo-spin-1/2 Kondo effects occur for large
hard axis anisotropy D. At zero magnetic field, the
anisotropy splits up the impurity multiplet and a dou-
blet with magnetic quantum numbers M = +1/2 be-
comes the lowest-lying impurity level (cf. Fig. 4 b). If
the energy gap to the impurity states with M = £3/2,
which is equal to 2D, is sufficiently large, this doublet
undergoes pseudo-spin-1/2 Kondo screening (let us call
this Kondo effect “anisotropy-induced”).%® At non-zero
magnetic field, on the other hand, ELCs with associ-
ated field-induced Kondo effects occur, as discussed in
the previous section. Both types of Kondo effect show
up in the corresponding impurity magnetization curves.
In Fig. 7 a, for example, we observe the magnetic re-
sponse of the effective impurity doublet at low magnetic
fields gsupB/D < 1, which is then followed by a step at
gsppB/D &~ 2 due to the ELC.

One might wonder how the Kondo temperatures of the
anisotropy- and field-induced Kondo effects compare. It

has been shown in Ref. 63 that the anisotropy-induced
Kondo screening in the limit D/W — oo is explained by
Hamiltonian (29) with B = 0 and parameters Jy=J,
JP = (S +1/2)J, and k = 0. On the other hand,
for go = 0 the pseudo-spin-1/2 Kondo effect at the
first ELC (i.e., for M = 1/2) is described by the same
Hamiltonian with B = EELC and parameters J; = J,
JELC = /(S —1/2)(S+3/2)J, and k = J. In par-
ticular, we thus have JELC < JP for § > 3/2. Since
Fig. 11 shows that additional scattering x reduces the
Kondo temperature, we can conclude that T2 for the
anisotropy-induced Kondo effect is always larger than
TEYC at the first ELC and, according to Fig. 13, at
all following ELCs, too.

VII. SUMMARY

In this article, we have reported on Numerical Renor-
malization Group (NRG) calculations for a Kondo model
with additional uniaxial anisotropy D. Results have been
presented for non-zero magnetic field B and different ra-
tios ge/gs of electron and impurity g-factor.

For a bulk field (i.e., for equal g-factors), a compar-
ison of NRG results for the impurity magnetization M
and the impurity contribution to the magnetization M;imy,
reveals that M(T, B) = aMimp(T, B) as long as all rele-
vant energy scales (i.e., thermal energy, Zeeman energy,
and uniaxial anisotropy) are small compared to the half-
bandwidth W. The proportionality factor a > 1 depends
on the coupling strength and decreases for smaller cou-
plings pJ| and pJ, . Calculations for isotropic exchange
interaction (i.e., J = J. = J) show that, compared to
the case of a local field (i.e., g. = 0), a non-zero electron
g-factor effectively rescales the magnetic field argument
of the impurity magnetization M (B) at low temperature.
They furthermore suggest that the corresponding values
of the rescaling factor 7(g./gs = 1) and the proportion-
ality factor a coincide.

For an isotropic impurity (D = 0), we find that
M(B,T =~ 0), unlike M;yp, does not display univer-
sal behavior in the usual sense as already noticed by
Lowenstein.*?

With additional easy axis anisotropy (D < 0), the zero-
temperature curve Min,(B) approaches a D-dependent
value for small, but non-zero magnetic field, which cor-
responds to the effective moment of the respective “frac-
tional spin”%® as given by kT Ximp(B = 0) for kT <«
|D|. The magnetic response at small fields and low tem-
perature (compared to |D|) is thus reminiscent of an
ordinary magnetic doublet. Appropriately, the impu-
rity magnetization M(B,T > 0) is well described by a
rescaled and shifted Brillouin function in this regime.

In the case of hard axis anisotropy (D > 0), a non-
zero magnetic field can lead to “effective level crossings”
(ELCs), at which pseudo-spin-1/2 Kondo screening oc-
curs. For go = 0 and D/W — oo, these field-induced



Kondo effects are described by an exchange-anisotropic
spin-1/2 Kondo model with additional spin-dependent
scattering at the zeroth site of the Wilson chain. At the
respective ELC field, this scattering leads to a reduction
of the Kondo temperature T2C in a similar way as or-
dinary potential scattering does for zero magnetic field.
In particular, the effective model predicts that TELC de-
creases with every further ELC. This agrees with the ob-
servation that the steps in the magnetization curves for
large D, which are due to the field-induced Kondo effects,
become steeper in the direction of increasing magnetic
field.
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Appendix A: Numerical Renormalization Group
calculations with conduction electron Zeeman term

In this first appendix, we briefly describe the changes
to the standard NRG procedure'® which are necessary in
order to carry out calculations with an additional Zeeman
term for the conduction electrons.

1. Logarithmic discretization

The starting point is the continuous energy represen-
tation of the Hamiltonian from Eq. (7) with a restriction
to the physically reasonable case h < W. In the following
it is assumed that the magnetic field, which appears in
h = geptp B, is non-zero and fixed and, to simplify the no-
tation, that the chemical potential is zero. We introduce
abbreviations for the absolute value of the integration
boundaries in Eq. (7),

+ _
BE = |+ W + phl, (A1)

rescale the integration variable €, and change to rescaled
electron operators (cf. Ref. 17):
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p=g for >0, (A2)
nw

J—% for <0, (A3)
“w

0ty = /Bl geu for >0, (A4)

ng:\/ggau for e<0. (A5)

Using ffVW de p(e) = 1 and defining the normalized ze-
roth state of the Wilson chain as

1
fou= [ a5 \Jo (68 —um) BEaf, (a0

0
+/1d§7 \/ﬂ(fﬁB;—uh)B;gEu )

we obtain an equivalent expression for the electronic and
interaction term in Eq. (7):

B ot
-gcb+int = WZ (V[/;/O df: 5: ngggt (A7)
o

B, [° —t
+ W/_l g, &, QE#QE#)
o

+J§Z£gl‘ ;wi()u

m,v

Next, the logarithmic discretization of the conduction
band is carried out according to one of the available dis-
cretization schemes”™ 7181784 by dividing the integration
range [—1, 1] into standard intervals I and using the fol-
lowing weight function on the m'™ positive and negative
interval, respectively:

p (& By — ph)

+ +
o (&) = ; ; (A8)
e fji dfui P (fﬂigljf - Mh)
With s = &+,
Bs
Vo = \/W“ /1 des p (6585, — ph) W, (A9)

and new operators a’, , corresponding to the weight func-

Lmp
tions ¢y, ,(£;) on the intervals I, we have the following
exact representation for the zeroth state of the Wilson
chain:

iolt = Z ’anu gfnu : (A10)
s,m



168

In addition, a “dimensionless energy” £, , has to be as-
signed to each interval I}, for each spin projection p. This
is done according to the chosen discretization scheme by
using the weight function (A8) with the shifted DOS,
leading to a discrete approximation to Hamiltonian (A7):

ch+1nt - W Z H o ST a’ (All)

m mu ~MpL
smu

Oy
+J§.ngu HAfOI/
8%

At this point, the substitution (A11) is still valid for
arbitrary p(e). The above expressions simplify in the case
of a constant density of states, p(e) = 1/2W, as a shifted
constant DOS is, of course, still a constant DOS:

BS

ch+1nt — W Z £ gs ( 0) gfr'[p‘ anu
s m,/L — v
RED WL (A12)
fOM Z \/ mu fnu . (A13)

s,m
- ’Y’V?l

Here, &7, and vy, are the “energies” and expansion coeffi-
cients, respectively, for the system with a local magnetic
field (i.e., with g. = 0).

2. Tridiagonalization

Since the rescaling factors

B . gsupB
“n ‘s t pJe 9sks ’ (A14)

w gs w

depend on spin projection g and magnetic field B, the
tridiagonalization of Hamiltonian (A12), which leads to
the Wilson chain with hopping parameters t;,(B) and on-
site energies €;,(B), has to be done separately for spin-
up and spin-down and for each value of B. In case of
a constant DOS, Eqgs. (A12) and (A13) show that the
only necessary modification of an existing code solving
the recursion relations given in Ref. 18 is to multiply all
“energies” £3, and coefficients 72, with the appropriate
factor (Al4).

For a particle-hole symmetric DOS we have &7, =
—&,2, and v, = 7,0, Using the Ansatz wum, =
(—=1)"Vnm—p and vy, = (—1)"tpm—, for the coefficients
of the orthogonal transformation (following the notation
of Ref. 18), it can then be shown that t;4(B) = t;(B)
and e;4(B) = —¢; (B) for all sites ¢ of the Wilson chain.
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FIG. 14. (Color online) Limiting value for ' — 0 of a) the im-
purity contribution to the magnetization Mimp and b) the im-
purity magnetization M as function of the coupling strength
pd for impurity spin S = 1, ge = gs, and several magnetic
field values. The vertical lines mark a coupling strength of
pJ’ =~ 0.276 for which we have checked by comparing with
the respective Bethe Ansatz solution shown in Fig. 1 that
Mimp(B, T = 0) still exhibits universal behavior (a fit of the
BA curve gives kT /W = 8.85 - 1072). Remaining lines are
intended as a guide to the eye.

Appendix B: Dependence of the zero-temperature
magnetization on the coupling strength for D =0

To further illustrate the difference between the impu-
rity contribution to the magnetization My, and the im-
purity magnetization M for vanishing anisotropy D = 0,
we examine how both quantities depend on the coupling
strength pJ for non-zero magnetic field at zero temper-
ature. As in Sec. IV, the case of equal g-factors for
impurity and electrons is considered. NRG results for
impurity spin S = 1 and S = 3/2 are shown in Fig. 14
and Fig. 15, respectively.

Let us begin the interpretation of the plots by consid-
ering the limiting cases J — 0 and J — co. For vanishing
coupling strength, impurity and electrons are decoupled
and thus both My, and M correspond to the magneti-
zation of the respective free spin (cf. Eqgs. (8) and (10))
which takes the value ggupS for any positive magnetic
field at T = 0. However, the behavior in the limit J — oo
differs for the two quantities, again demonstrating that
in general Min, # M. The values of My, and M in
this limit can be understood by considering a simplified
model: In the interaction term (4), the spin operator sg

depends on the occupation of the lattice site that it is
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FIG. 15. (Color online) Limiting value for ' — 0 of a) the im-
purity contribution to the magnetization and b) the impurity
magnetization as function of the coupling strength pJ as in
Fig. 14, but here for impurity spin S = 3/2. Mimp(B,T =~ 0)
again shows universal behavior for pJ’ & 0.276 and a fit
of the corresponding universal BA curve gives kgTy/W =
3.05-107".

associated with. For very large values of J it is ener-
getically favorable that this lattice site is singly occupied
with a probability near one. We can then replace sq by
a spin-1/2 operator s in Eq. (4). Furthermore, all other
terms in Hamiltonian (1) that involve degrees of freedom
different from the impurity and the lattice site to which it
couples can be neglected. We are thus left with a strongly
coupled antiferromagnetic dimer in a magnetic field with
Hamiltonian

Hjioo=JS 5+ gsupB(S*+ 57). (B1)

To determine the limiting value of M(T = 0)/gsup
for J — oo and any positive magnetic field, we have
to calculate the expectation value of —S5* with respect
to that eigenstate of total spin which has the lowest
value of Siota and corresponding z-projection Migta =
—Siotal.  Denoting eigenstates of Hamiltonian (B1) as
|St0ta17 Mtotal>a we find:

—(0,0]5%10,0) =0 for S=1/2, (B2)

1 1.1 1
<272’§ 2’2>

_<]-7 _1|§Z‘1a _1> =

for S=1, (B3)

= ot Wl

for S=3/2. (B4)
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In contrast, in the limit J — oo the impurity contribu-
tion to the magnetization Miy,,(T = 0)/gspp for posi-
tive field reduces to —(S* + s*) with respect to the above

eigenstates of Hamiltonian (B1). This expectation value
gives S —1/2. The case S = 1/2 is therefore special since
both M, and M go to zero for J — oo. Figs. 14 and
15 show that NRG, as a method that is non-perturbative
in J, can in fact reproduce the limiting values for large
coupling strength.%°

Let us now consider the magnetization for interme-
diate values of pJ. In the special case S = 1/2, both
Mimp and M are monotonically decreasing functions of
the coupling strength for constant magnetic field B that
show similar behavior. We furthermore find that a larger
value of B also leads to a larger value of the magneti-
zation. In fact, all magnetization curves that we have
calculated increase monotonically with B. On the other
hand, Mimp(pJ) and M(pJ) display qualitatively differ-
ent behavior for impurity spin S > 1. While My, is
again a monotonically decreasing function of the coupling
strength for given magnetic field (see Figs. 14 a and 15
a), M(pJ) displays a minimum for all considered values
of B (cf. Figs. 14 b and 15 b).

It is instructive to compare the NRG results with
the Bethe Ansatz solution*®*” for the field-dependence
of Mimp(T = 0), which takes the form of a univer-
sal function fs(z) of the rescaled magnetic field z =
gspupB/kpTy (cf. Sec. IV A). This function is mono-
tonically increasing for all S (see Fig. 1). The results
reported in Table I are furthermore consistent with a
monotonic growth of the energy scale kgTy as function
of the coupling strength pJ. In the case of impurity spin
S = 1/2, the standard estimate for the Kondo tempera-
ture from Eq. (13) also corresponds to an energy scale
kpTy that monotonically increases with pJ. For this
reason, an increase of the coupling strength for constant
magnetic field ought to lead to a larger scale kpTy and
hence to a lower rescaled field x and a smaller value
of Mipyp. The impurity contribution to the magnetiza-
tion for fixed positive field should therefore be a mono-
tonically decreasing function of the coupling strength in
the scaling regime. This conclusion is in line with the
NRG results for Mimp(pJ) shown in Figs. 14 a and 15 a.
The vertical lines in the plots mark a coupling strength
pd’ = 0.276, for which we have checked via a fit to the
BA solution that Mimp(B,T ~ 0) still displays universal
behavior. The scaling regime therefore extends at least
up to coupling strengths as large as pJ’ (apart from es-
tablishing this bound, the value of pJ’ is arbitrary). In
contrast, for low field the impurity magnetization M (pJ)
has a minimum for coupling strengths smaller than p.J’
(cf. Figs. 14 b and 15 b). We conclude that this behav-
ior of M(pJ) is not compatible with the standard scaling
picture as described above for Miy,(pJ).
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FIG. 16. (Color online) Impurity magnetization M as func-
tion of magnetic field for impurity spin S = 1, hard axis
anisotropy D/W = 10~*, coupling strength pJ = 0.07, and
several values of the g-factor ratio g./gs (cf. Fig. 5 a for
ge = gs). For equal g-factors, the impurity contribution to
the magnetization Mimp(B) is shown, too. The temperature
is kpT/W = 1.54-107*® =~ 0 in all cases.

Appendix C: Effect of the electron g-factor on M
and the connection between M and Mimp

We now investigate how the impurity magnetization
M(B,T = 0) is affected by a non-zero electron g-factor
corresponding to a positive ratio g./gs > 0. Because of
the sharp features that are found in the magnetization
curves for D > 0 (see Fig. 5), the case of hard axis
anisotropy seems well suited to study the influence of
non-zero g. (alternatively one could examine the effect of
the electron g-factor on the basis of the linear magnetic
field dependence of M(B) for small B). As an example,
Fig. 16 shows magnetization curves M(B,T =~ 0) for
impurity spin S = 1, moderately large D, and several g-
factor ratios interpolating between a local field (g. = 0)
and a bulk field (g. = gs).

The results presented in Fig. 16 demonstrate that a
positive electron g-factor effectively causes a rescaling of
the magnetic field argument of the impurity magnetiza-
tion: A ratio g./gs > 0 shifts the impurity magnetization
curve for g. = 0 towards larger fields and thus reduces
M(B,T = 0), which is a monotonically increasing func-
tion of B, for a fixed magnetic field value. Using the no-
tation M(B, T, gs, ge), this statement can be expressed
in the following way:

M(BvT ~ 059570) = M(BlvT ~ 0?.95796) 3 (Cl)
B =n(pJ,g9./9s)B , (C2)

with a rescaling factor n(pJ, g./gs) > 1 for g./gs > 0
that depends on the coupling strength pJ. Taking the
magnetization curve for a local field as reference, we
may therefore state that the impurity effectively “feels”
a smaller magnetic field if there is also a Zeeman term
for the electrons in Hamiltonian (1).

For a bulk field, Fig. 16 additionally shows the impu-
rity contribution to the magnetization Miy,p(B,T =~ 0)
(according to Eq. (10), M and M;u, are equal for a lo-
cal field). We find that Eq. (14), which was obtained
for D = 0, is also suitable to describe the relation be-
tween M(B,T ~ 0) and Mi,p,(B,T ~ 0) in the case
of easy axis and hard axis anisotropy for magnetic fields
gsppB < W. A study of the connection between M and
Mimp for D < 0 and D > 0 with |D| < W reveals for
impurity spin S = 1 and S = 3/2 that the magnetic field
averaged values for a(pJ = 0.07) are nearly identical to
the results for D = 0 reported in Table I, and that the
standard deviations have the same order of magnitude.
For S = 2, the obtained value of the proportionality fac-
tor is «(0.07) = 1.0370(1). We conclude that the effect
of the uniaxial anisotropy on the value of o must be very
small as long as |D| < W.

An analysis of the impurity magnetization curves for
hard axis anisotropy furthermore shows that the values
of the rescaling factor 7(0.07,1) (approximately 1.038 for
S =1, 1.0375 for S = 3/2, and 1.037 for S = 2) and the
corresponding proportionality factor «(0.07) are remark-
ably similar. In case of S = 1 and D > 0, we have
also studied the difference between M(B,T ~ 0) for a
local and bulk magnetic field for the two other coupling
strengths previously considered (i.e., for pJ = 0.05 and
pJ = 0.09). The rescaling factors obtained for D <« W
(n(0.05,1) =~ 1.0265 and 7(0.09,1) ~ 1.0497) are again
in remarkable agreement with the corresponding values
of a(pJ). Moreover, we find that Egs. (C1) and (C2),
with the values of 1(pJ, 1) as determined for D > 0, are
also suitable to describe the relation between the impu-
rity magnetization curves for a local and bulk magnetic
field for anisotropy D < 0. As M(B,T = 0) lacks sharp
features in the D = 0 and easy axis case, the effect of a
non-zero electron g-factor is more subtle, though.

The numerical results thus strongly suggest that the
rescaling factor 7(pJ, 1) and the proportionality factor
a(pJ) take the same value. Furthermore, we find our re-
sults for the rescaling factor to be compatible with the
conclusion of Ref. 49 that, in case of the Kondo model
with S = 1/2, the g-factor of the electrons (or equiva-
lently their magnetic moment) is irrelevant for impurity
properties in the limit of infinite bandwidth, correspond-
ing to pJ — 0.

In the case of impurity spin S = 1/2, it is possible
to compare the obtained values for n(pJ,1) and «a(pJ)
with previously published results. For the exchange-
anisotropic multichannel S = 1/2-Kondo model with
transverse coupling strength pJ;, < 1 (see Eq. (21)
for the meaning of the symbols Ji and J)), it is
known that the impurity contributions to the free en-
ergy Fimp(B,T,gs,ge) for local and bulk magnetic field
have the following relation:8¢

Emp(BaT7gS7gS) = Emp(BvTagS70) )

B=(1-2f6/m)B .

(C3)
(C4)



Here, f is the number of electron channels and ¢§ is
the phase shift generated by the longitudinal coupling
Jj- This result for Fiy,p, is a generalization of the
conclusion that the impurity contribution to the sus-
ceptibility Ximp(9s,ge) at zero magnetic field satisfies
Ximp (95 9e) = A(ge/gs,6) Ximp(gs, gs), with a certain
factor A, for the single-channel exchange-anisotropic S =
1/2-Kondo model with pJ, < 1.7 Using the defini-
tion for the impurity contribution to the magnetization,
Mimp = —0Finp/0B, and the equivalence of My, and
the impurity magnetization M for g, = 0 according to
Eq. (10), the following relation is obtained from Egs.
(C3) and (C4):

Mimp(BvTa gSagS) =

(I1=2f6/m) M((1 —2f6/m)B,T,gs,0). (C5)

On the other hand, the proportionality M(B,T =
0,9s,9s5) = a(pJ)Mimp(B,T ~ 0,95, gs) from Eq. (14)
that is implied by the NRG results can be combined with
Egs. (C1) and (C2) to give:

Mimp(BaT ~ 0795795) =

1 B
atpn M (nw,l)’T ~ 0’95’0) - (©0)

With f =1 and the phase shift for the case of an elec-
tron band of width 2W with constant DOS p = 1/2W 8
d(pJ)) = arctan (mpJj /4) (note the sign change with re-
spect to Ref. 88), we compare Egs. (C5) and (C6) and
deduce for pJ, < 1:

1
1 — 2 arctan (mpJ) /4)

apdy) =n(pJ),1) = (C7)

This equation predicts, in particular, that both the pro-
portionality factor and the rescaling factor tend to 1 in
the limit pJ; — 0. From Eq. (C7) the following val-
ues for a(p.J)) are obtained: a = 1.02563 (p.J; = 0.05),
1.03623 (0.07), and 1.04704 (0.09). In Fig. 17, we present
NRG results for a(pJ)|, pJ 1) for an impurity spin S = 1/2
with exchange anisotropy. It is seen that the calculated
proportionality factors indeed approach the predictions
of Eq. (C7) for decreasing transverse coupling strength
pJi. For pJ; = 0.01 and all three considered values
of pJj, the relative deviation is about 4 - 1075. In the
exchange-isotropic case (i.e., Jj = J1 = J), the relative
deviation is less than half a percent, with better agree-
ment for smaller coupling .J.

Since Egs. (C3) and (C4) also hold for non-zero tem-
perature, the connection between M(B,T > 0) and
Mimp(B,T > 0) has been studied for impurity spin
S =1/2,1, and 3/2 in the case of D = 0 and isotropic
coupling pJ = 0.05,0.07, and 0.09. Keeping the coupling
strength fixed, M(B,T) and Mimp(B,T) are still pro-
portional for non-zero temperature and it is found that,
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FIG. 17. (Color online) Proportionality factor « appearing
in Eq. (14) as function of the transverse coupling strength
pJ 1 for impurity spin S = 1/2 and three values of the longi-
tudinal coupling pJj. Dashed horizontal lines mark the val-
ues of a, given by the numbers in parentheses, that are pre-
dicted by Eq. (C7) for pJ1. < 1. Open symbols indicate the
proportionality factors for the exchange-isotropic case (i.e.,
Jj = J1), which are also found in Table I. As before, o has
been averaged over magnetic fields gsus B/W € [10713, 1071
for kpT /W ~ 1.54 - 10715 ~ 0. The corresponding standard
deviations would amount to error bars smaller than the sym-
bol size.

for gsupB/W € [10713,1071], the relative deviation be-
tween the proportionality factor and the corresponding
value a(pJ, T = 0) is less than 1 %o for thermal energies
kpT/W <1072

Appendix D: Technical details regarding the study
of the effective model for vanishing electron g-factor

In this last appendix, we describe how to reliably ex-
tract the ELC field Bgrc and the Kondo temperature
TEYC at the ELC field from the NRG results for the ef-
fective model (29) with g, = 0.

To determine Bgrrc as defined in Eq. (27), the im-
purity magnetization in units of gsup for the effec-

tive model, —(s*)(B), is calculated for low temperature

kT < W. In the vicinity of an ELC, i.e., near its root,
the impurity magnetization depends linearly on the (rel-
ative) magnetic field B. The root, which corresponds
to EELC at T' = 0, can therefore be determined by per-
forming a linear fit to the numerical data. However, the
following complication arises: The position of the root of

(s%)(B) depends on the value of the twist parameter z
and thereby on the discretization of the electron band.
On the contrary, a physically meaningful result for the
ELC field should display only a weak dependence on the
numerical parameters of an NRG calculation in order to
accurately reflect the continuum limit A — 1. It turns
out that a standard z-averaging, i.e., an averaging of the
impurity magnetization curves for different values of z at
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FIG. 18. (Color online) Impurity magnetization (in units of
gsup) for the effective Hamiltonian with ge = 0 and pa-
rameters according to Egs. (23) to (25) versus the rela-
tive magnetic field for kgT/W ~ 107'® ~ 0. The results
have been calculated using the discretization schemes by a)
Yoshida et al. (with correction factor!™'884 A,) 81783 1,
Campo and Oliveira,®® and c) Zitko and Pruschke.”®"" For
each discretization scheme, results are presented for three val-
ues of the discretization parameter A and 16 values of the
twist parameter z (i.e., z; = 4/16 with ¢ € {1,2,...,16}). In
plot ¢, data points are vertically offset to enhance legibility.
Numbers in parentheses denote the ELC field Brrc and the
Kondo temperature TEC at the ELC field, respectively (cf.
main text).

fixed temperature, is not reasonable at this point. Near
an ELC, such an averaging in general introduces arti-
facts into the averaged curve because of non-linear com-
ponents which some of the z-dependent curves might al-
ready comprise. Similar numerical artifacts are found in
the z-averaged magnetization curves of the full impurity
model for large hard axis anisotropy. Upon closer in-
spection, one discovers that z-averaging divides the total
height of a magnetization step into smaller “sub-steps”
of equal height whose number corresponds to the number
of z-values used.

For the effective model with one set of parameters, the
dependence of the impurity magnetization root on the
discretization of the electron band is demonstrated in Fig.
18. There, the three common discretization schemes are
compared for three different values of the discretization
parameter A and, only in this example, for 16 values of
the twist parameter z. In all cases, we observe a spread
of the position of the impurity magnetization root with
respect to z. This variation decreases for smaller values
of A and is always largest when using the discretization
scheme by Zitko and Pruschke (ZP). The spread due to z
defines a magnetic field interval which, in case of the dis-
cretization by Yoshida et al. (Y) and Campo and Oliveira
(CO), moves towards larger fields when A is reduced. In

contrast, the ZP discretization leads to nested intervals
so that an interval for smaller A is wholly contained in an
interval for larger A. In the special case z = 1 (which cor-
responds to the smallest root), the CO and ZP discretiza-
tion give the same result.”® Note that the A-dependence
of the data shown in Fig. 18 is consistent with an agree-
ment of the results of all three discretization schemes in
the continuum limit A — 1. However, in order to obtain
reliable information about the continuum limit, it would
be necessary to perform an impractical extrapolation in
A when using the Y or CO discretization. On the con-
trary, the ZP discretization apparently allows to make
a dependable statement about the limit A — 1 on the
basis of results for only a single value of the discretiza-
tion parameter: Fig. 18 suggests that the continuum
value of Bgpc lies in the magnetic field interval that is
spanned by the z-dependent roots for A > 1. It turns
out that, using the ZP discretization, one can obtain a
better approximation for the ELC field by averaging over
the z-dependent impurity magnetization roots since the
resulting mean value displays only a weak dependence
on A (cf. the numbers in parentheses in Fig. 18). The
spread of the roots with respect to z then provides a safe
error estimate for the mean value (amounting to a rela-
tive deviation of about 3 to 4 % for A = 3). However,
the dependence of the mean value on A indicates that
such an error estimate is far too pessimistic. For the ZP
discretization with A = 3 and four z-values, we_expect
that the relative error of the obtained ELC field Bgy,c is
about one order of magnitude smaller than suggested by
the roots’ dependency on z.

Having determined EELC for all values of z, we can
study the thermodynamic properties of the effective
model at the ELC field by calculating the impurity con-
tribution to the entropy S%, (T, Bgrc) for each z at
the respective ELC' field. For thermal energies that are
small compared to the bandwidth, the NRG results for
Siup(T, Bipc) can be aligned with the known universal
temperature dependence of the entropy for the Kondo
model with S = 1/2. We find, however, that there is a
dip in the entropy for thermal energies close to the band
edge that becomes more pronounced for stronger scatter-
ing k. The Kondo temperature TELC’Z characterizing the

temperature dependence of 7, (7, B, ) is obtained in
the following way for each value of z: By comparing with
the Bethe Ansatz solution for the impurity contribution
to the magnetization in Sec. IV A, the value of Tk ac-
cording to the definition (11) is known for the NRG re-
sults with D = 0 (cf. Table I and Eq. (12)). As a first
step, the result for Si, (7', Bfpc) is restricted to the lin-
ear low-temperature regime in which a continuous curve
is produced using a linear fit. This fit then allows to de-
termine the value of TELC’Z by comparing with an NRG
result for S = 1/2 with known Kondo temperature. A
better approximation for the Kondo temperature at the
ELC field TEYC is again obtained by averaging over the
z-dependent values. Regarding the variation with respect



to z and the error estimate for the mean value, compara-
ble statements hold true as in the case of the ELC field.

We observe that the root of the impurity magnetiza-
tion depends on temperature. This is possible since its
value is apparently not determined by symmetry prop-
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erties of the effective model. When the temperature ex-
ceeds the Kondo temperature at the ELC field, two ef-
fects eventually occur: The slope of the magnetization
curve decreases and the root moves towards larger rela-
tive magnetic fields.
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Summary

This thesis is concerned with Numerical Renormalization Group (NRG) calcula-
tions for isotropic and anisotropic single-channel single-impurity Kondo models
with impurity spin S > 1/2 in zero and non-zero magnetic field. In particular,
the case of a non-zero coupling of the conduction electrons to the external field,
formally corresponding to an electron g-factor g. # 0, has been considered. We
have focussed on the calculation and interpretation of magnetization curves. The
Kondo model with additional uniaxial anisotropy of the impurity spin is rele-
vant to the description of magnetic atoms and molecules that are deposited on
a non-magnetic metallic substrate (“surface Kondo effect”). Magnetic molecules,
in particular bistable ones such as single molecule magnets, offer the prospect of
encoding and storing information in their spin state. Since a controlled deposi-
tion on a suitable substrate could solve the problem of addressability (such an
approach already allows to study individual deposited atoms and molecules by
means of scanning tunneling microscopy and spectroscopy techniques, cf. chapter
8), investigating the magnetic properties of molecules in contact with a surface is
also of potential technological interest. Of course, only time will tell whether it
is possible (and actually desirable) to represent one bit of information by a single
magnetic molecule on any technologically relevant scale.

Chapter 2 of this thesis begins with a brief overview of the history of the Kondo
effect, covering its discovery in dilute magnetic alloys and its explanation via the
Kondo model. On a technical level, the real-space and k-space representations of
the Kondo Hamiltonian and the relation between the spin-1/2 Kondo model and
the more fundamental single-impurity Anderson model are discussed. Coming to
the problem at hand, the general bilinear spin Hamiltonian for the modeling of an
isolated magnetic molecule is introduced and the form of the axial and transverse
anisotropy terms is clarified. Such terms are included in the impurity part of the
Kondo Hamiltonian in order to give a minimal model for the description of the
surface Kondo effect as occurring for deposited magnetic atoms and molecules.
Chapter 2 closes with a discussion of symmetry properties of the Kondo model,
which can be used to make numerical calculations more efficient.

As a supplement to the brief overview of the different steps that a NRG calcu-
lation is comprised of in chapter 3, the Numerical Renormalization Group method
for the investigation of the thermodynamics of the single-channel Kondo model is
described in detail in chapter 4. In particular, it is explained how to carry out
NRG calculations with an arbitrary ratio g./gs of electron and impurity g-factors.

As a first application, the canonical example of the single-channel Kondo model
with impurity spin S = 1/2 in zero magnetic field is studied in chapter 5. The tem-
perature dependence of the impurity contributions to the entropy and the magnetic
susceptibility is used to illustrate the concept of Kondo screening, the meaning of
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the Kondo temperature Tk, and the universal properties of the model in the scal-
ing regime. A comparison of NRG calculations for small coupling strength pJ < 1
with corresponding Bethe ansatz solutions reveals a convincing agreement of the
results obtained using the two different methods. Certain generalizations of the
spin-1/2 Kondo Hamiltonian (e.g., additional potential scattering and exchange
anisotropy) are known to preserve the universal properties of the model. This
point is also demonstrated in chapter 5. Lastly, the underscreened Kondo effect is
considered: An isotropic impurity spin S > 1/2 is only partially screened by a sin-
gle conduction electron channel, leaving a residual spin S —1/2 at low temperature
T<Tk.

With a restriction to the case of equal g-factors, chapter 6 extends the results
presented in chapter 5 to the situation with a non-zero magnetic field. In partic-
ular, it is illustrated that a fully screened and a partially screened impurity show
a different response to an external field at low temperature T' < Tk .

The Bethe ansatz provides solutions in closed form for the zero-temperature
field-dependent impurity contribution to the magnetization My, of the isotropic
single-channel single-impurity Kondo model with arbitrary impurity spin. These
solutions, along with the corresponding asymptotic low- and high-field expansions,
are discussed in chapter 7.

As the main result of this thesis, chapter 8 contains an investigation of the field-
dependent magnetization of the single-channel single-impurity Kondo model with
and without uniaxial anisotropy. In the isotropic case, a comparison of NRG re-
sults for Mip, with the corresponding Bethe ansatz solutions considered in chapter
7 shows excellent agreement. The presented NRG calculations clarify the relation
between Min,p, and the impurity magnetization M and, furthermore, illustrate the
effect of the g-factor ratio g./gs on the magnetic properties of the model. In case
of additional easy axis anisotropy, the low-field and zero-temperature limit of M,
can be related to the concept of a “fractional spin” and it is demonstrated that the
obtained magnetization curves can at least partially be described by an adapted
Brillouin function. For impurities with hard axis anisotropy, the magnetization
curves can feature steps with characteristic positions and widths. The occurrence
and the properties of these steps can be explained by field-induced Kondo effects.
In the limit of arbitrarily large anisotropy and for g. = 0, the field-induced Kondo
effects are described by an exchange-anisotropic pseudo-spin-1/2 Kondo model
with additional spin-dependent scattering. In particular, this effective model pre-
dicts a shift of the step positions compared to the corresponding free spin with
hard axis anisotropy and, moreover, a smaller Kondo temperature for every further
field-induced Kondo effect that occurs when increasing the magnetic field. For a
more detailed summary of the results presented in chapter 8, please refer to the
summary of the manuscript.

The appendix deals with the initialization of the iterative diagonalization of
the Wilson chain. To this end, the analytical solution for the eigensystem of
the truncated Wilson chain comprising a spin-1/2 impurity and the zeroth site
is presented. Furthermore, one possibility for encoding and storing product basis
states of a Kondo-type model in a numerical implementation is described.
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A. Initialization of the iterative
diagonalization of the Wilson
chain

In the iterative diagonalization of the Wilson chain for given twist parameter z,
a matrix representation of the truncated Hamiltonian in step N is calculated us-
ing information (i.e., energy eigenstates and certain matrix elements) from the
previous step N — 1 (cf. Sec. 4.11). In order to “initialize” the iterative diagonal-
ization procedure, the required information has to be provided once by some other
method. To this end, the truncated Wilson chain comprising, e.g., the impurity
spin and the zeroth lattice site is diagonalized either analytically (see Sec. A.1
for the special case of impurity spin S = 1/2) or numerically exact (in Sec. A.2,
we describe one possibility of handling product basis states in a numerically exact
diagonalization of a truncated Wilson chain) and the matrix elements that are
needed for the next step are calculated.

A.1. Analytical results for the eigensystem and
certain matrix elements of a truncated Wilson
chain comprising a spin-1/2 impurity and the
zeroth lattice site

Let us consider the following Hamiltonian for a truncated Wilson chain comprising
an impurity spin S with S = 1/2 and the states fo, assigned to the zeroth lattice

site:

H(z) = Jo(S"s5 + 8Y50) + JyS° 55 + hsS* + eor(2)nor + eo(2)noy | (A1)

Here, we have so = Zu,u jj)uag” ioy, hs = gsupB, and ng, = ﬂ)ﬂio“' In order
to set up a matrix representation of H(z), it is convenient to introduce raising and

lowering operators é’i =S¥ £15Y by using the identity

Ji(8756+5"s8) = ‘%(é’*za +5750) (A2)
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A. Initialization of the iterative diagonalization of the Wilson chain

S:1/2 ZUM

bt

e

gsppB  cou(2) J

impurity electronic part of
Spin the Wilson chain

Figure A.1.: The blue frame designates the truncated Wilson chain, consisting of
the impurity spin and the zeroth lattice site, that is described by
Hamiltonian (A.1) (cf. Figs. 4.4 and 4.5 (a)).

A graphical representation of the truncated Wilson chain that H(z) describes is

shown in Fig. A.1.

A basis of the fermionic Fock space belonging to Hamiltonian (A.1) is given by
the product basis {|—), [+)} @ {|Q),[ L), [ 1),| 14)}. [=) (|4)) is the spin-down
(spin-up) state of the impurity spin, |2) denotes the vacuum at the zeroth site
of the Wilson chain, and we use the following convention for the doubly occupied
state:

EAENININIOR (A3)

In the following, we label states with the charge quantum number @ (compare the
definition (4.235) of the charge operator @) and the magnetic quantum number

M of the total spin Siotal = S + 80 (see Table A.1).
Using the abbreviations

Eu(z) =

N N

Es(2)

<2(60¢(z) + eor(2)) + 2\/(hs + €0y (2) — €01(2)) ‘ot J? =

(2(60¢( ) + €ot(2) —2\/ (hs + €0y (2) — eor(2))” + J2 — Jl)
)

1
Ozl(Z)E JJ_ <h5+60¢( )7€0T +\/ h5+60¢( )7601- +J

1
Ji

as(2)

<hs T eo(2) = eor(2) — /(s + €0s(2) — eon())” + Ji> (AT

the eigensystem of Hamiltonian (A.1) is summarized in Table A.2.
In order to set up a matrix representation of the Hamilton operator in the
first step of the iterative diagonalization (i.e., for an enlarged Wilson chain that
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A.1. Analytical results for the eigensystem and certain matrix elements of a
truncated Wilson chain comprising a spin-1/2 impurity and the zeroth lattice site

# | product basis state | Q | 2M | |Q,2M;7r)
1| [=)®[Q) 1| -1 |]-1,-1;1)
2 | [h) @) N N
3= eld) 0 —2|[ 0,-2%1)
4| [=)elt) ol o] o0, 01)
51 +H)®[]) 0 0] 0, 0;2)
6 [|He|T) 0 21 0, 2;1)
7 1)@t RS R
8 | [H) @) 1 || 1, 1;1)

Table A.1.: Product basis of the Fock space belonging to Hamiltonian (A.1). The
index r uniquely labels the states in each invariant subspace (Q,2M).
7 energy eigenvalue F; energy eigenstate |E;)
1 s | —1,-1;1)
2 hTS | - ]-7 1; ]->
3 P -5 ven(2) | 0,-21)
4 E ai1(z) . 1 .
14(2) \/m“lov 1)+ \/Wm 0;2)
az(z) .
5 E5(2) mm,& 1)+ W'O 0;2)
6 4 bs yeni(2) |0, 2;1)
T -4 teo(z )+€OT(Z) L1
8| B+ eo(2) +eor(2) | L L)

Table A.2.: Eigenvalues and normalized eigenstates of Hamiltonian (A.1).
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A. Initialization of the iterative diagonalization of the Wilson chain

() i || (Bl IE) (b) i || (BilfonlEs)
311 1 411 _oa(®)
412 —L 511 @
A, \/@ VI+a2(z)

Nor=) 6|2 1
1 € N
5| Vi Ve
8|6 -1 1P VEee

Table A.3.: The six non-vanishing matrix elements of (a) f$¢ and (b) f;rn with
respect to the energy eigenstates |E;) from Table A.2.

additionally includes the first lattice site with states f1,(z), cf. Fig. 4.5 (b)), the

matrix elements of the two creation operators f}; , and fg)? with respect to the

eigenstates of Hamiltonian (A.1) are required (cf. Sec. 4.11.1). They are given in
Table A.3. For a study of the magnetization of the impurity spin, we furthermore
need the matrix elements of S* with respect to the energy eigenstates (see Table

A.4). These matrix elements serve two purposes:

1. The diagonal elements are used in the current step for the calculation of
thermodynamic expectation values.

2. All non-vanishing matrix elements from the current step are needed in order
to determine the diagonal elements in the next step (cf. Sec. 4.13.4).

When comparing non-diagonal matrix elements from Tables A.3 and A.4 with
results obtained by some other method, one should keep in mind that the overall
sign of the normalized energy eigenstates is arbitrary. For this reason, the sign
convention adopted in Table A.2 corresponds to only one of many possible choices.

A.2. Encoding, manipulating, and creating product
basis states of the Wilson chain

In this second appendix, we discuss one possibility for encoding and storing prod-
uct basis states of a Kondo-type model in a numerical implementation.

Let us consider a system that comprises N, localized spins and N; spin-1/2
fermions defined on a lattice with L sites. The spins s; are characterized by
spin quantum numbers s; > 1/2 with corresponding magnetic quantum numbers
—s; < my; < s;, and the fermions are described by creation operators g}a for lattice
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A.2. Encoding, manipulating, and creating product basis states of the Wilson
chain

i|J (Ei S| E5)
1)1 -1
2|2 :
313 -3
11-a3(2)
4 4 2 1+o¢%(z)
4 5 1 1—ay(2)as(z)
2 \/1+ozf(z)\/1+a§(z)
5 4 1 1—ai(z)asz(z)
2 \/1+oz%(z)\/1+ag(z)
11-0a3(z)
5|9 21+a3(2)
6|6 i
7|7 -1
8|8 i

Table A.4.: The ten non-vanishing matrix elements of the z-component of the im-
purity spin with respect to the eigenstates of Hamiltonian (A.1) from
Table A.2. The matrix representation has to be symmetric since S* is

a Hermitian operator.
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A. Initialization of the iterative diagonalization of the Wilson chain

site j and spin projection ¢ = 41/2. The creation and corresponding destruction
operators fulfill standard fermionic anticommutation relations. In accordance with
the Pauli exclusion principle, each lattice site has four possible configurations (i.e.,
empty, occupied by a spin-up (spin-down) fermion, or doubly occupied by two
fermions with opposing spin projections) and we have 0 < Ny < 2L.

From the basis states |s;,m;) of the localized spins in the respective Hilbert
spaces J%;,, standard product basis states of the product Hilbert space J =
Nyt A, are constructed (note that numbering always starts at zero in this
section):

|s0, mo) @ [s1,M1) @ ... @ [SN,—1,MN,~1) = [50,M0; 51, M15 -+ 5 SN, ~1, N, 1)
= |m0,m1, 7mN571> .
(A.8)
In a numerical implementation, spin §; = (E;”, g?, ﬁj) is represented by the z-
+

component s* and the raising and lowering operators s~ = s7 £ isjy.. Furthermore,
it is convenient to change to a so-called magnon representation by introducing a
magnon number

(A9)

which only takes non-negative integer values:

max

a; =0,1,...,a;""",
(A.10)

Instead of working with the magnetic quantum number m;, the number of “mag-
netic excitations” a; relative to the fully polarized state with m; = s; is used.
;" denotes the maximal number of magnons allowed for spin i. The effect of
the operators s7, Asj, and s; on a state |aj***, a;) directly follows from the defi-

nition (A.9):

257 [0, a;) = (" — 20;) ™ a)
s ag) = \Jai(a™ —a; +1) | a; — 1), (A1)

max

57 10, a) = /(0™ — ag)(as + 1) [aP™,0; + 1)

Note that s; (s;) decreases (increases) the magnon number a; and that, in a

numerical implementation, +/—0.0 gives NaN. Using the magnon representation,
the product basis states (A.8) are replaced by:

|ag™, ap) ® a1, a1) ® ... @ [aR’E ), an, 1) =
a5, ag; a7, a1; . s AN an, 1) = (4.12)

|a0,a1, ,aNS,1> .
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A.2. Encoding, manipulating, and creating product basis states of the Wilson
chain

For the basis states of the fermionic Hilbert space 7} (V) with N particles, we
employ a standard occupation-number representation with the following conven-
tion for the order of the creation operators (cf. Ref. [Jaf08]):

|not, Mig, - o s L—11) ML MY, - - RL—1]) =

(ebe) ™ (elp) ™ - (ehmat)™ T ()™ ()™ - (b)) ™ M2 -
(A.13)
Here, | Q) is the vacuum state (corresponding to the empty lattice) and, according
to the Pauli exclusion principle, the occupation numbers n ., which have to fulfill
> o Njo = N, can take the values 0 or 1. The chosen order of the creation opera-
tors is convenient for the calculation of typical matrix elements because it simplifies
determining the overall sign that results from fermionic anticommutations (see the
discussion following Eq. (A.21)).
A product basis of the Hilbert space 72 ® 5¢;(N) of the total system, comprising

the localized spins and N fermions, is obtained by combining the states (A.12) and
(A.13):

lag, a1, ... ,an,—1) @ [nor, N1ty - o s RL—145 MO, MLy - - s NL—1)) =
|ao, @1, - 5 N, =15 MO, Mty - oo s RL—195 ROL, MLy - - e s NL—1)) = (A.14)

v ({ai}, {njo})) -

A.2.1. Encoding and manipulating product basis states

A product basis state |1 ({a;}, {njs})) can be stored in the form of a single integer
variable Z by using the individual bits of the integer for encoding the information
about the magnon numbers {a;} and the occupation numbers {n;,}. Such an
approach is advantageous for a number of reasons:

1. Tt leads to a low memory consumption of the product basis (which, however,
might be insignificant compared to the total memory requirements of the
numerical code anyway).

2. Product basis states can be manipulated using fast bitwise operations. In
particular, the sign resulting from the application of a fermionic operator
can be efficiently calculated.

3. Using the same integer variables, different blocks of bits storing different
kind of information (such as information about the state of the spins or the
fermions) can be treated independently.

4. A comparison of two product basis states simply corresponds to the compar-
ison of two integer variables.
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A. Initialization of the iterative diagonalization of the Wilson chain

5. In particular, mapping states to integers thus automatically defines an order
of the states.

In order to prevent any problems with the sign bit, the integers that are used for
storing the basis states should be taken as unsigned.

The mapping to integer variables is particularly useful for fermionic systems
and for spins with s; = 1/2 since a single bit is sufficient to represent an occupa-
tion number n;, or a magnon number a; with two possible values, respectively.
Furthermore, changing the state of a particular lattice site or spin then simply
corresponds to flipping a single bit of the respective integer Z. In contrast, for
s; > 1/2, more than one bit is necessary in order to represent the magnon number
a;. This means that the respective part of Z has to be divided into suitable blocks
of bits.

An unsigned integer Z can be partitioned in the following way in order to store
the information about a product basis state |1 ({a;}, {njo})) (see Ref. [Jaf08] for
a discussion of the fermionic components Z; and Z):

T= [ 7. 1, I } | (Aas)
state of the state of the state of the
localized spins spin-down fermions spin-up fermions
(B bits) (L bits) (L bits)

This division of Z leads to the following relations (% denotes the modulo operator):

I=T;+2l1 +2°F 1, ,

L=/, (A.16)
I, = (T/2%)%2", '
Iy =T%2".

The required constants can be obtained using, e.g., the bitwise left-shift operator
<: 27 =1« j. We need to be able to delete the contents of the different blocks:

Delete block Z, : T =T %2%F ,
Delete block Z, : I =7TI& ~[2"(2" -1)], (A.17)
Delete block Z; : T =T& ~(2" —1)

Here, & is the bitwise AND operator and ~ is the bitwise NOT operator which
inverts the bit pattern of the integer that it is applied to. Once a block has been
erased, new information can be encoded. For example, if we want to replace Z; by
7!, we first delete Z, and then use: Z = T + 220 T!. Access to the different blocks
would be much easier if the blocks were aligned on byte-boundaries. This is an
option that should be considered.
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A.2. Encoding, manipulating, and creating product basis states of the Wilson
chain

Encoding information in the fermionic components Z| and Z;
(cf. Ref. [Jaf08])

Since the occupation numbers n;, for lattice site j and spin projection o can only
take the values 0 or 1, L bits of the integer Z, are necessary in order to represent
the L lattice sites:

1, = [ ‘ Ni—lo | NL—2¢ | N34 ‘ ‘ Nog ‘ Nig ‘ N0 ‘ ] .
= = = [\ — (@n)] -
i S do [

(A.18)

Individual bits of Z, (corresponding to single lattice sites) can be manipulated
using the bitwise operators OR (]), AND (&), and XOR ("):

Set bitjinZ,: I,=7I,| 2/,
Delete bit jinZ, : I, =T, & ~27 | (A.19)
Flip bitjinZ,: ZI,=7," 2/ .

Furthermore, the value of bit j (i.e., the occupation number n;,) can be extracted
from the integer Z,, in the following way:

njo = (I, /2) & 1. (A.20)

In order to calculate, e.g., a matrix representation of the Hamiltonian, we need
to know how to apply creation and destruction operators to a product basis state
(compare the partition (A.15) of Z):

) = S (1—n)|T=1"2TF) |

chlT) = Sp(l—ny)|T=1"27) | (A.21)
ciLlZ) = Sjynjy |[Z=1"2%0)

el L) = Sjrngp | T=1"27)

Sjo is the total sign that results from all fermionic anticommutations which are
necessary, according to Eq. (A.13), to establish the correct order of creation
operators or to “remove” the applied destruction operator, respectively. Note
that the above equations (A.21) are, strictly speaking, not exact because, in a
numerical implementation, Z = 0 corresponds to a valid state (namely, the state
without particles and magnons). From a technical point of view, Eqs. (A.21) show
that for the same indices j and o the application of a creation and a destruction
operator is very similar since in both cases the same sign S, has to be determined
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A. Initialization of the iterative diagonalization of the Wilson chain

(provided that applying the operator results in a valid state) and the same bit is
flipped in the integer Z.

Let us now turn to the calculation of the signs Sj,. On the one hand, an operator
acting on lattice site j with o = 4+1/2 has to be moved past all spin-up creation
operators with indices £ < j—1 in order to be put at the correct position according
to Eq. (A.13). On the other hand, to establish the correct order, an operator
with 0 = —1/2 and index j has to be moved past all spin-up creation operators
and, in addition, past all spin-down creation operators with lattice site index
k < j—1. Since each exchange of fermionic operators causes Sj, (being initialized
to 1) to be multiplied by —1, the sign can be efficiently calculated using the
following algorithm (expressed via C/C++ pseudocode), which effectively counts
the number of bits that are set in the relevant part of the respective integer Z (see
p. 70 of Ref. [Ouc06]):

unsigned int I, j, L;

int sign;

I% (1<Ki); // for spin-up

unsigned int IMasked =
I% (1< (G+L)); // for spin-down

for(sign = 1; IMasked; sign *= -1)
IMasked &= (IMasked - 1);

Depending on the spin projection o and the lattice site index j, a certain number
of the high-order bits of the integer I is removed, resulting in the “masked” integer
IMasked. The for-loop then effectively counts the bits that are set in IMasked
(by deleting one set bit in each step), multiplying sign by —1 for each set bit
that is encountered. Note that for non-vanishing matrix elements of the type
<I| Q;{LE’W |I’> the contributions to the signs §;; and Sp) due to the spin-up
creation operators in |Z) and |Z') cancel and can therefore be neglected (cf. Ref.
[Jaf0g]).

Encoding information in the spin component Z; (cf. Ref. [RRSR01])

The spin component Z; of the integer Z has to be further divided into blocks of
suitable lengths in which the information about the state of the different spins can
be encoded (see Ref. [RRSRO1] and also compare Refs. [Lin90, Sanl0, L&ull]).
To this end, we need to know how many bits B; are necessary for spin ¢ in order
to allow for the representation of all possible values of the magnon number «;:

B; = ceiling<1n(ail2+1)> . (A.22)
n
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A.2. Encoding, manipulating, and creating product basis states of the Wilson
chain

The total number of required bits is thus B, = Zfio_l B;. The start bits {b;} =
{bo,b1,ba, ... ,bn,—1} of the different blocks directly result from Eq. (A.22),

bp=0,
i—1
A.23
bZ:ZBj for i>1, ( )
§=0

and lead to the following partition of the integer Z,:

IS = [ ‘ aN,—1 ‘ . ‘ a9 ‘ aq ‘ Qg ‘ } .

T T T T T T
Bs bNS—l b3 b2 b1 bo =0

(A.24)

Without any protection against performing an illegal operation that would vio-
late the boundaries of the blocks, a magnon number a; can be easily changed:

Increase a; by 1: I, =T, + 2% |

A.25
Decrease a; by 1: I, =7, — obi ( )

Furthermore, the value of a; can be extracted and deleted (i.e., set to zero) in the
following way:

Extract a; : a; = (IS %21”“) / 2b ,

A.26
Delete a;,: Z,=7,& ~[2bi (231' — 1)] . ( )

After a magnon number a; has been erased, a new value a} can be stored in the
integer Z, by using: Z, = Z, + 2%a’.

A.2.2. Creating a product basis subject to constraints

In the following, we discuss one possibility of creating a product basis for a Kondo-
type model in a subspace with a certain total magnetic quantum number M and a
certain particle number N (corresponding to a particular charge quantum number

Q)

Creating a product basis for N, spins in a subspace with total magnon
number A

Although it is possible to create the complete product basis (e.g., by using a
numeral system with suitable bases) and keep only those states with total magnon
number A = ). a;, it seems more elegant to apply an algorithm that directly
produces the states which fulfill the constraint. If the size of the total Hilbert
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A. Initialization of the iterative diagonalization of the Wilson chain
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Figure A.2.: Creating the product basis in a subspace with total magnon number
A is equivalent to finding all distributions of A balls between N,
containers with capacities {a”**}. For the container sizes in this
example and for A = 8, the lexicographically lowest state (i.e., the
first state) is illustrated.

space becomes huge (e.g., in large-scale Lanczos-based exact diagonalizations of
quantum spin models [SHS08]), the ability to create only the states belonging to
a certain subspace, without the need for setting up the complete product basis, is
clearly advantageous.

Constructing the product basis in a subspace with total magnon number A
is equivalent to the problem of finding all possibilities for distributing A balls
between Ny containers with capacities {a"**} (see Fig. A.2). Establishing an
order of the distributions (or states) (a lexicographical order seems appropriate),
the problem reduces to that of generating the next state for a given state. An
algorithm performing this task is presented in Ref. [SHS08]:

1. Create the first (i.e., lexicographically lowest) state by successively filling
up the containers, starting with the leftmost container, until there are no
remaining balls (cf. Fig. A.2).

2. For a given state, create the next state with respect to lexicographical order:

a) Find the leftmost box ¢ which is not empty and whose neighboring box
to the right is not completely filled. If there is no such box, then the
given state is already the last (i.e., lexicographically highest) state.

b) Move one ball from this container 4 to its neighboring container to the
right ¢ + 1.
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A.2. Encoding, manipulating, and creating product basis states of the Wilson
chain

¢) Empty all boxes with indices j < ¢ and use the obtained balls to suc-
cessively fill them up again, starting with the leftmost box, until there
are no remaining balls.

Creating a basis for N spin-1/2 fermions on a lattice with L sites in a
subspace with total magnetic quantum number M

According to the two constraints,

NT+N¢:N,

N A.27
J,&ZM’ ( )
2 2

the numbers Ny and N of spin-up and spin-down fermions, respectively, in a
subspace with quantum numbers N and M are given by:

N
Ny= M+ —,
z%r (A.28)

Creating a basis for the fermions again corresponds to the kind of problem
illustrated by Fig. A.2: For spin projection o, N, balls have to be distributed
between L containers. Since the occupation numbers n;, can only take the values
0 or 1, the containers each have a capacity of one ball. Forming all combinations
of the resulting spin-up {Z;} and spin-down configurations {Z,}, a basis of the
subspace with quantum numbers N and M is obtained.

Creating a product basis for IV spin-1/2 fermions, on a lattice with L sites,
and IN; spins in a subspace with total magnetic quantum number M

According to the definition (A.9) of the magnon numbers, the total magnetic
quantum number M of the spins can be expressed as:

Mszzi:miz Z:Si —zi:ai:Ar;ax—A. (A.29)

S~ S——
= Amax/2 =A

The allowed values of A are (cf. Egs. (A.10)):

[A=0,1, ..., Anax | (A.30)

The situation is more complicated now because there are three types of “balls”
with corresponding containers (namely, localized spins, spin-up fermions, and spin-
down fermions), but still only two constraints:
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A. Initialization of the iterative diagonalization of the Wilson chain

Ny +N, = N,
Amax N. N
76‘_A+J_7¢
2 2 2
—_——
:M5 EMf

(A.31)

(A.32)

As a pragmatic approach, we can consider all values of M¢ that are possible for

the total fermion number N,
, for 0 <KNLL
-ML -8 | for L<N<2L

Mf|max{
2
Mf:_‘Mflmaxa_|Mf|max+1v~--a|Mf‘max 5

i

vl o)z

(A.33)

and search for all combinations of A and My that fulfill Eq. (A.32). For each value
of My thus found, the corresponding particle numbers Ny and N, follow from Egs.
(A.28) setting M = My. Having determined the set {(A, Ny, N})} of the allowed
combinations of quantum numbers, the algorithm from Ref. [SHS08] can be used
to construct the configurations {Z;}, {Z;}, and {Z,} for each element (A4, N4, N}).
The product basis states with the quantum numbers (A, N4+, N|) are then obtained
by forming all combinations of the corresponding integers {Zs}, {Z4}, and {Z,}

according to the partition (A.15) of Z.
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